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ABSTRA C T 
Optical Coherence Tomography (OCT) is a powerful optical imaging method, which 
allows in-YLYR³RSWLFDOELRSV\´ZLWKíȝP UHVROXWLRQDQGLPDJLQJGHSWKRIímm 
in biological tissues. Since OCT allows imaging of thick living tissue with high 
resolution, OCT is widely used for clinical diagnosis and fundamental research in a 
range of biomedical areas, e.g., retinal imaging, skin subsurface imaging, and small 
animal imaging. OCT is essentially a morphological imaging modality that detects the 
backscattered light without molecular specificity. Since molecular information is of 
prime importance in several biomedical applications, various molecular contrast agents 
have been designed for OCT. Gold nanoparticles have been popular as OCT contrast 
agents, because they provide enhanced coherent scattering due to Plasmon resonance, 
are biologically inert, and allow tuning of resonance wavelengths. Gold nanoparticles, 
conjugated to various biomolecules, have been used with OCT to visualize the 
molecular concentration in thick biological tissues. However, due to strong microscopic 
scattering by the tissue, the signal from nanoparticles may not be easily distinguishable 
from the background; thus limiting the detection sensitivity. A promising approach for 
XII 
 
further improving the specificity of labeling and the sensitivity of detection is to exploit 
contrast agents that have polarization dependent scattering.  While a few biological 
structures (such as collagen) provide polarization dependent response in coherence 
imaging, it is rare to find biological entities with significant chiral behavior at optical 
wavelengths. Unlike most materials, chiral materials differentially scatter the left-
circularly and the right- circularly polarized light. By labeling biomolecules with chiral 
contrast agents and imaging with a circular polarization based coherence imaging 
method, a significant improvement in the signal to noise ratio and the detection 
sensitivity can be achieved. During my thesis research, we proposed and designed chiral 
plasmonic contrast agents for OCT. We used numerical analysis based on the finite 
difference time domain framework to characterize the chirality of the particles and to 
determine the dimensions of the nanoparticles. We used EǦbeam lithography to fabricate 
nanoparticle arrays. We converted conventional OCT system to differentiate the highly 
chiral response of the contrast agent from the nonǦchiral or lessǦchiral response from the 
surrounding tissue. Experimental results confirmed that the combination of enhanced 
scattering (due to Plasmon resonance) and chiral optical response allowed the proposed 
particles to be readily differentiated from a highly scattering background. Thus, 
proposed nanoparticles provide improved sensitivity and molecular specificity for 
imaging with OCT. In addition to above contributions, we also developed an OCT 
system that combines principles of dark-field and polarization sensitive detection. Such 
a system, when employed with widely popular gold nanorods, provides another 
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C H APT ER 1 . INTRO D U C TI O N 
Among all the imaging methods optical coherence tomography (OCT) occupies an 
important place, because OCT provides unique combination of sub-cellular resolution 
and imaging depth of several millimeters  [1±3]. 
With 1-15Pm resolution and imaging depth of 2-3mm OCT is a powerful optical 
imaging method, which allows in-YLYR³RSWLFDOELRSV\´ in highly scattering biological 
tissues. Since OCT allows imaging of thick living tissue with high resolution, it is 
widely used for diagnosis and fundamental research in a range of biomedical areas, e.g. 
retinal imaging, skin subsurface imaging, and small animal imaging  [4±7].   
OCT is essentially a morphological imaging modality that detects the 
backscattered light without any molecular specificity  [4].  Since molecular information 
is of prime importance in several biomedical applications, significant effort is being 
spent by research community to develop effective contrast agents [3],[8]. Among 
various contrast probes developed, gold nanoparticles have been popular, because they 
provide enhanced coherent scattering due to Plasmon resonance, are biologically inert, 
and allow tuning of resonance wavelengths  [9±12]. Gold nanoparticles, conjugated to 
various biomolecules, have been used with OCT to visualize the molecular 
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concentration in thick biological tissues  [13±15]. However, due to strong microscopic 
scatterers in a tissue, the scattering signal from nanoparticles may not be easily 
distinguishable from the background signal; thus limiting the detection sensitivity [16].  
To enhance the molecular sensitivity and to extend applications of OCT in the 
area of molecular imaging, there is strong need to overcome the poor differentiability 
between the contrast agent and strong scatterers in the tissue. To address this pressing 
need, we propose novel polarization sensitive contrast agents and novel OCT systems, 
which can reject background effectively, leading to more sensitive detection of contrast 
agents.  
We develop and propose to use a dark-field polarization sensitive OCT setup to 
enhance contrast from asymmetrical nanostructures such as widely used contrast probe 
gold nanorods. The contrast agents and the imaging system that we design are 
potentially valuable for wide range of molecular imaging problems. 
In this chapter, we describe motivation behind our work, our contributions to the 
field, and overall structure of the thesis.                                                                                                                
1.1. MOTIVATION   
OCT has a unique place among various imaging modalities. OCT is a widely clinical 
imaging tool as well as important imaging method to understand fundamental biological 
process in various biomedical research applications. This widespread application of 
OCT is due to its ability to provide high-resolution in-vivo images in highly scattering 
thick tissues with high sensitivity.  
OCT is inherently a structural imaging modality. OCT detects the amplitude of 
the backscattered light from a sample to form images.  These images represent the 
structural property of the specimen, which is backscattering property or index of 
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refraction. Thus, image produced by OCT is basically a tomography representing the 
reflectivity variation in the sample.  
In biological processes, functional information precedes structural changes. A 
significant effort has been going on to enable functional OCT, which can visualize 
functional information along with the structural information. For this purpose, various 
functional imaging extensions, based on intrinsic tissue properties were developed. 
Most of the time endogenous properties provide weak contrast that is why they have 
limited success and very specific application focus. Thus, a strong need is there for 
efficient exogenous contrast agents for molecular imaging applications. 
As gold nanoparticles can provide enhanced scattering signal and OCT uses 
scattering signal to form images, they have become popular exogenous contrast agents 
for a range of biological applications where molecular concentration information is 
required or it is necessary to determine biological boundaries. Gold nanoparticles have 
advantage of being biologically inert and their scattering response can be tuned as per 
the need.   
However, a strong scattering background can negate the utility of gold 
nanoparticles. Since OCT cannot differentiate scattering signals from nanoparticles and 
surrounding medium, the signal from background can overpower the signal from 
nanoparticles. Therefore, it is difficult to image gold nanoparticles when conjugated to 
molecules that are expressed at low concentration or that are deep within highly 
scattering biological samples.  
A promising approach to overcome the sensitivity problem is to design contrast 
probes those have different optical response than the background tissue. This 
differential behavior can be used for effective background rejection and to improve the 
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signal to background ratio (better visibility of the contrast probes). Improved signal to 
background ratio translates into enhanced sensitivity of molecular imaging.  
Our motivation was to achieve an optical signature, which can be reliably 
differentiated from the optical response of the surrounding tissue.  Higher sensitivity 
afforded by such a differential response is promising for detection of molecules 
expressed at low concentration and deeper in tissues.  
1.2. CONTRIBUTION 
In coherence based imaging methods1, a few biological structures (such as collagen) 
provide a polarization dependent response. However, it is rare to find biological entities 
with a significant chiral behavior at optical wavelengths. Unlike most biological 
materials, chiral materials differentially scatter the left-circularly and the right-circularly 
polarized light. Therefore, we proposed use of chiral nanostructures as efficient contrast 
agents. We showed that the differential response of chiral structure from the background 
could provide effective background rejection.  
To validate our hypothesis, during the first phase of thesis research, we proposed 
a simple nanostructure that has a chiral response. We characterized its polarization 
dependent response using numerical simulation. Using simulation, we also optimized 
the dimensions of nanoparticles for strong polarization dependent response around 
800nm wavelength. We designed appropriate parameters to quantify the response.  
 In the second phase, in collaboration with Agency for Science Technology and 
Research (A*Star), Institute of Material Research and Engineering (IMRE), we 
fabricated chiral nanostructures and characterized the resulting nanoparticles.  
                                                 
1 In this thesis, we are concerned only with temporal coherence of illumination, which is inversely 
proportional to bandwidth of the light. Low temporal coherence bestows the background rejection or 
µVHFWLRQLQJ¶FDSDELOLWLHVRQWR2&7 
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To exploit the chiral behavior of our nanoparticles, we converted the conventional 
OCT system into circular polarization sensitive OCT. In our lab, we built a custom 
system by combining components sourced from a commercial system and additional off 
the shelf components. We carried out proof of concept experiments. In the experiments, 
we embedded the chiral nanoparticles in tissue phantoms on chiral nanoparticles to 
demonstrate the effective background rejection using polarization-based schemes and 
enhancement in the detection sensitivity.  
In the third phase, we developed a system to enhance contrast from gold 
nanorods, which are widely used contrast probes for OCT. A polarization sensitive 
dark-field optical coherence tomography is developed for the enhancement in contrast 
from gold nanorods. Initial experiments with a tissue phantom and biological cells are 
carried out to demonstrate the contrast enhancement. We believe contrast enhancement 
techniques that we have developed can extend applicability of OCT in molecular 
imaging applications.    
1.3. ORGANIZATION OF THE THESIS 
In chapter 2, we review the operating principle of OCT. various endogenous and 
exogenous contrast mechanisms along with their potential biomedical applications are 
discussed. Advantages of using OCT for molecular imaging applications are discussed. 
We provide background information about various contrast agents used for OCT and 
their limitations. After reviewing existing contrast agents and OCT adaptations, we 
detail the motivation behind our work.  
In chapter 3, we discuss the design of proposed chiral nanoparticles. We 
describe the origin of polarization dependent response of chiral particles. The main 
focus of this chapter is the validation of chiral behavior of proposed particles using an 
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analytical validation and numerical simulations. Several performance parameters are 
developed to quantify the performance. Performance parameters are evaluated in 
context of various parameters of the structure of the proposed particles.  
Chapter 4 focuses on the fabrication of chiral nanostructures. We discuss the 
fabrication approach and method in this chapter. Initial results that characterize the 
quality of the fabricated structures are provided in this chapter.  
In chapter 5, we discuss modifications in the conventional OCT system, which are 
necessary to image the polarization dependent response. After discussing broad 
approach, we describe our implementation in detail. Experimental results are provided 
to validate the performance of the system. Several experiments results are presented to 
demonstrate the effective reduction in background signals. Improvement in the contrast 
is quantified and compared with the contrast provided by the conventional OCT system. 
Chapter 6 focuses on design of polarization sensitive dark-field OCT system. We 
propose to use such an implementation to efficiently reduce background signal when 
imaging nanorods solution. This technique can be used with widely available gold 
nanorods based imaging applications to enhance contrast. We quantify the contrast 
enhancement is quantified for this technique.  
Chapter 7 summarizes the work and discusses promising directions for 




CHAPTER 2. O PTI C AL C O H ERE N C E  T O M O GRAP HY:  
C O NTRAST M O D ES  
This chapter reviews basic operating principle of optical coherence tomography (OCT).  
Various intrinsic contrast modes of OCT, principles and applications are reviewed in 
section 2.1. In section 2.2, we review currently used intrinsic contrast approaches and 
applications. The need of exogenous contrast agents and widely used exogenous 
contrast probes for OCT are reviewed in the section 2.3. Section 2.4 highlights the 
limitation of metal nanoparticles as contrast agents in OCT and approaches used to 
overcome the limitation. The last section describes the motivation behind the direction 
we have chosen to address the limitation. 
2.1. OPTICAL COHERENCE TOMOGRAPHY: PRINCIPLE  
OCT is based on the principle of low coherence interference [18]. The basic schematic 
of time domain OCT is shown in Figure 2-1. OCT uses broadband sources (super-
luminescent diode, femtosecond laser or swept source laser) to illuminate a sample. A 
fraction of the light from the source is use to illuminate the sample and the rest of the 
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light is used as a reference. OCT detects the interference signal between the signal 
coming from the reference mirror and backscattered by the sample. The interference 
signal intensity can be written as [6]:   
> @( , ) 2Re ( ) h(x,z)D S R SourceI x z I I z   * u       (2-1) 
     
where, ID is the detected signal intensity, which is composed of IS  (intensity of the  
signal from the sample arm), IR (intensity of the signal from the reference arm) and 
interference signal between the reference and sample arm signal. Here, the depth 
dependent reflectivity of the sample is denoted as h(x,z), and the source coherence 
function is Source* . (2-1) suggests that the detected signal consists of convolution 
between the sample reflected signal and the source coherence function. Thus, to resolve 
finer structure in axial direction, low coherence length is necessary.  
 
 
Figure 2-1 Basic operating principle and components of an OCT system, broadband source is divided 
into reference and sample arm, interference signal is detected by a photo detector, low coherence 
property allows depth sectioning, reference arm scanning provides depth information, transverse 
information can be obtained by scanning the beam in the sample arm  [6] 
 
Since the broadband source has short coherence length, interference can happen 
only if the optical path lengths traveled by both signals match closely. Thus, OCT can 
reject signals that are not within the coherence length, providing what is called 
Chapter 2.Molecular imaging and Optical Coherence Tomography 
9 
 
coherence gating. Broadband sources used in OCT have coherence length in the range 
of Pm and therefore provide excellent axial resolution. The source coherence length is 




S O '           (2-2) 
 
O is the mean wavelength of the source and O' is the spectral width of the source. 
A source with the center wavelength of 850nm and the spectral width of 20nm, has a 
coherence length of Pm, thus, an OCT setup with such a light source will have axial 
resolution of 15Pm. The reference mirror ranging allows to obtain the sample signal at 
different depth levels, depth scan widely known as A-Scan. Figure 2-1 (b) schematically 
represents, detected A-Scan for a sample with two delta function reflectors.  
In OCT the axial and transverse resolution are independent of each other. The 
transverse resolution depends on the confocal gating and the focusing optics used in the 
sample arm. Lateral resolution depends on the optics in the sample arm. OCT generally 
has lateral resolution in the range of a few Pm.  
Strength of the back-reflected signal depends on mismatch in the optical 
scattering and absorption properties between different layers of the sample [19][23]. 
Because of the coherence gating, OCT measures depth resolved reflectivity values with 
high resolution. The movement of the reference mirror along the Z-direction provides 
the depth profile (A-Scan). Scanning mirror movement generates 3-D image of a 
sample. OCT has made possible to obtain in-vivo 3-D biopsy with a Pm resolutions. In 
this mode contrast solely depends on the refractive index profile of the sample. This 
mismatch in the refractive index determines the strength of the back-reflected signals. 
The above mentioned OCT implementation is known as TD-OCT.  
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Sample can be assumed as consisting of N delta like reflectors as describe in the 
following equation:  
1
( ) ( )
N
s s Sn s sn
n
r z r z zG
 
 ¦        (2-3) 
For this sample the interference equation in wavenumber k-domain can  be given 
by [6]: 
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Where, U is the responsivity of the detector of the detector (Watts/Ampere), 
s( , )k Z  is the power spectral density of the source and 2S( ) s( , )k k Z . The (2.4) 
suggests that reflectivity values and k domain detected intensities are related with cosine 
Fourier transform. The spatial distance between reference mirror and sample surface 
determines the Fourier frequency, and the reflectivity value are the Fourier coefficients. 
Thus, a FFT can provide the whole depth profile of a sample from k-domain intensity 
profile.   
Based on the (2.4) a spectral domain OCT technology was developed [20], 
Frequency domain-OCT (FD-OCT) [21] and swept source OCT [22] are widely 
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implemented spectral domain  OCT technologies. A basic schematic of the FD-OCT is 
shown in the Figure 2-2 (a). FD-OCT setup has fixed reference mirror in the setup 
instead of moving reference mirror like time domain setup. The k-domain intensity is 
detected with the use of a diffraction grating and a linear array detector such as a linear 
CCD.  
Figure 2-2 (b) shows example of an A-Scan profile for a delta like reflector. As a 
linear CCD detects only real intensities, there are positive and negative frequency 
components after FFT. This mirror image limits the available depth range in the spectral 
domain OCT. Several advance methods are available that measure complex domain 
data with simple modifications in conventional FD OCT setup  [23]. 
 
Figure 2-2 (a) Schematic of the FD-OCT setup, (b) A-Scan profile of FD-OCT setup 
 
The diffraction grating and CCD array records the intensity as a function of 
wavelength. The interference pattern resides on a DC envelope, thus following 
processing steps are necessary to obtain the depth profile (Figure 2-3). Background is 
removed by offsetting the constant DC value which is due to the reference mirror and 
the sample. Several alogorithms are available to map the data from wavelength domain 
to the wavenumber domain  [24]. This step is followed by conventional FFT to obtain 
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the depth profile. A MATLAB script with all the processing steps is attached in the 
Appendix 6. Compared to the time domain OCT system, FD-OCT provides signals in 
faster and with high sensitivity [21,25].  
 
Figure 2-3 Processing steps (FD-OCT) [24] 
 
The conventional image display mode of OCT is shown in Figure 2-4. The depth 
profile of a sample is widely described as A-Scan. A 2-D image profile (YZ/XZ) 
formed by scanning the beam is known as B-Scan, and the cross-sectional view (XY 
profile) is known as en-face image. Most of the time the image consists of gray scale 
intensity plot. Where the location of the pixel corresponds to the physical location in the 
sample and the gray scale level represents the relative strength of the backscattered 
signal at that location.  
 
Figure 2-4 Image display in OCT 
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2.2. INTRINSIC CONTRAST MODES 
Structural imaging is the most basic form of the contrast available from OCT. It allows 
an in-vivo visualization of 3-D structure with high resolution, deeper penetration depth 
and high sensitivity. These advantages in structural mode of imaging are applied in 
diverse areas, which include clinical applications as well as biomedical research 
applications [4,6]. One of the most successful application of OCT is in the area of 
opthamology [26±29]. It has been used in the area of developmental biology [18,30,31], 
skin imaging [32±34], dentistry [35±37] and many application areas are still evolving. 
With the advancement of technology, endoscopic probes for OCT were developed [38]. 
Endoscopic OCT is widely used in gastronomic imaging, vascular imaging, airways 
imaging to obtain high resolution 3-D images  [39,40]. 
Conventional OCT data inherently represents scattering properties or refractive 
index profile of the sample [6]. Though this data is very useful for many applications, 
but contains very limited functional information. As functional information is precursor 
to the structural changes,several groups have developed functional OCT, to enhance the 
applicability of OCT. These functional OCT systems can be broadly divided into two 
categories: one that uses intrinsic optical reponse for contrast enhancement and second 
that uses the exogenous contrast probes.  
Conventional OCT detects interference fringes to extract the amplitude 
information necessary to form structural information. Further additional signal 
processing steps can be used to extract the phase information of the back scattered light. 
Such phase information is used to measure the depth resolved doppler frequency shift in 
a sample [41]. Such systems, known as doppler OCT are widely used for blood flow 
measurements  [41,42].  
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 Measurement of wavelength dependent response provides additional quantitative 
functional signature. For example dxyhemoglobin and deoxyhemoglobin have different 
wavelength dependent response [43]. Measurement of such response is useful in 
quantitative functional information extraction. As OCT uses broadband source to 
illuminate a sample, with additional signal processing steps it is possible to extract 
depth resolved spectroscopic information [44±46].  
Several biological molecules such as collagen are known to have regular 
arrangement in a tissue  [47,48]. Such arrangement leads to different refractive indices 
in orthogonal directions, thus light in this two orthogonal direction travels at different 
velocities. Polarization sensitive OCT (PS-OCT) system makes use of polarization 
property of the light to enhance contrast by measuring such depth resolved polarization 
effects [49]. Using two detectors to detect two orthogonal polarization states, PS-OCT 
system can provide depth resolved phase retardance maps along the optical axis 
orientation. As collagen is a functional part of biological tissue and its prescence is 
associated with several functional changes, detection of such polarization dependent 
response leads to high contrast measurements of functional information  [5,50,51] .  
All the contrast mechanisms for OCT discussed till now, are based on the intrinsic 
optical response of a tissue. Although, these intrinsic optical responses have high 
specificity to certain molecules, they have limited application areas. To extend 
functional OCT beyond these applications, there is a need for high contrast, general 
purpose molecular imaging methods. Toward this direction, several exogenous contrast 
probes are developed for OCT. A brief overview of such contrast probes is provided in 
the next section.  
2.3. MOLECULAR CONTRAST AGENTS FOR OCT 
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In optical imaging fluorescent molecules are widely used as contrast agents. Due to 
coherence gating principle [52] OCT can detect only elastically scattered light, thus 
making fluorescence contrast probes incompatible with OCT.  Various groups have 
developed molecular contrast probes for OCT. We can classify the molecular imaging 
schemes and contrast agents proposed for OCT in three broad categories:  absorption 
based, coherent nonlinear interaction based and scattering based.  
The first group of molecular contrast OCT schemes involve introducing contrast 
agents with a specific optically excitable absorption transition, such as the pump-probe 
 [53] and pump-suppression  OCT.  Another set of absorption based methods, such as 
spectroscopic OCT  [54] and spectral triangulation MCOCT [55],  rely on the changes 
in absorption spectrum of backscattered light to provide the contrast. These methods are 
limited in the range of contrast agents that can be used and require complex 
instrumentation. 
The second group of contrasting techniques exploits coherent, nonlinear optical 
interaction. These methods provide molecular information  [8] using contrast agents that 
can efficiently and coherently convert the incoming OCT illumination light field into an 
emission light that is amenable to interferometric detection: examples from this group 
are  second harmonic OCT  [56]  and  coherent anti-Stokes Raman scattering (CARS)-
based OCT  [57]. These techniques are limited both in sensitivity and specificity [27]. 
The third group makes use of exogenous contrast agents that are able to alter the 
light scattering property of tissue to profile its distribution in the sample. The traditional 
way of improving the contrast in OCT images employs the use of osmotically active 
immersion liquids such as glycerol, propylene glycol, dextran and concentrated glucose 
solution to cause a change in the tissue refractive index  [3]. This is improved with a 
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new generation of contrast agents based on particle technologies due to their improved 
optical properties and ease of performing surface modifications [58±61]. This group of 
contrast agents is widely used in OCT, since they allow molecular imaging with 
minimal modifications in a conventional OCT system. 
 In biological applications, smaller size manifests into better uptake of contrast 
probes in cell  [62,63], but Rayleigh scattering theory predicts that the strength of the 
scattering signal is proportional to the sixth power of scattering object radius. Thus, 
small size scattering probe provides very weak scattering signal [64]. However, with 
plasmon resonance phenomenon  [65] it is possible even with nanosize scattering probe 
can provide strong optical signals [3]. Plasmonic nanoprobes also have advantage of 
tunable optical response. It is possible to tune the response by controlling their shape, 
size and structures [14,61,66±68] . Specifically gold nanoparticles can provide strong 
and tunable scattering at OCT operational wavelengths  [14,69]. Because of these 
advantages, metal nanoparticles are widely used in OCT application [70±72]. Gold 
nanoparticles  [3], conjugated to various biomolecules have been used with OCT to 
visualize their molecular distribution in thick biological tissues  [12,72,73]. Several 
shapes and structures of gold nanoparticles are developed and used for OCT 
applications  [12,66]. 
2.4. CONTRAST AGENTS: LIMITATIONS 
Gold nanoparticles are widely used contrast probes for molecular OCT imaging 
 [12,14,72,74], but they offer poor sensitivity. The current theoretical threshold value of 
minimum concentration of nanorods required to generates detectable signal is 
30ppm [75]. So conventional nanoparticles based contrast agents cannot be used for low 
concentration of molecules or if molecules are located in a highly scattering tissue. This 
limitation lies in the fact that OCT cannot differentiate scattering signals from 
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nanoparticles and the surrounding medium thus in the presence of stronger scattering of 
tissue, signal from the nanoparticles is overwhelmed by the background signals.   
2.5. MOTIVATION FOR OUR WORK 
To improve sensitivity of widely used scattering based contrast agents, it is necessary to 
come up with a mechanism that can differentiate signals of nanoparticles from the 
background tissue signals. One such mechanism was proposed by Amy Oldenburg et 
al. [17] using magnetic nanoparticles, and magnetic field actuators. They used the fact 
that biological tissues have weak magnetic properties. In the presence of magnetic 
fields, only magnetic nanoparticles alter their behavior. Using this fact they were able to 
differentiate signals of nanoparticles from the surrounding tissue.  
Other differentiation mechanism is based on the photothermal property of the 
nanorods  [76]. This scheme requires use of pulse laser to control the temperature of 
nanorods in a sample. The controlled thermal excitation allows them to enhance contrast 
from nanoparticles.  
Such contrast enhancement schemes require extensive modification of the 
conventional OCT system. Therefore, there is a need for a simpler mechanism that can 
generate sufficient contrast so that single nanoparticles can be imaged in a turbid 
medium. Such highly sensitive detection can significantly enhance the applicability of 
OCT to molecular imaging applications. 
With advances in fabrication technology, it is now possible to fabricate various 
complex shapes of nanoparticles such as helical nanoparticles [77] and nanostars 
 [78,79]. These complex shapes allow to obtain various controllable response along with 
the enhanced scattering/absorption signal  [61,78,80±83]. To the best of our knowledge, 
no polarization based extrinsic contrast probes have been explored for OCT. In our 
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work, we make use of fact that biological tissues do not have chiral response at near 
infrared wavelength [84]. To make use of this fact for efficient reduction of background 
scattering, we developed nanoparticles with chiral polarization response. Such 
differential polarization response can be effective for background rejection. With this 
motivation, we have explored technical feasibility of such polarization sensitive contrast 
agent.  
The first contribution in this research is the development of such contrast probes 
having chiral polarization property. The second contribution is development of the OCT 
system that can use the polarization dependent response to efficiently reject 
background.  
While achieving chiral response requires specially designed gold nanostructure, 
gold nanorods are widely available and widely used contrast probes for OCT. This 
motivated us to develop an OCT system that can efficiently increase the contrast for 
gold nanorods in scattering media, which is the third contribution of the thesis. For this 
work, we combined the principle of dark-field imaging and depolarization property of 
gold nanorods. It was demonstrated that dark-field OCM technique [85] can efficiently 
reject strong scattering from the glass surface. This fact allows the user to increase the 
source power without saturating the detector, making it possible to use full dynamic 
range and high sensitivity of OCT to detect weak signals.  
At NIR wavelengths, homogenous tissues and cellular structures do not alter the 
state of the polarization significantly in the backscatter direction [47,84,86].  Several 
groups have used this fact to obtain a functional imaging based on depolarization arising 
from several specific structures [5,49±51].   
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Recently several groups have used exogenous depolarizing structures for 
contrast enhancement in microscopy. They used depolarization property of plasmonic 
nanoparticles to enhance contrast in dark-field microscopy method  [79,80], however 
this property has not been exploited for OCT. Nanorods are known to have strong 
depolarization property  [59,87], which led us to build a dark-field polarization sensitive 
OCT system to explore contrast enhancement from nanorods.  
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CHAPTER 3. PLASM O NI C  C H IRAL C O NTRAST 
A G E NTS  
As explained in the previous chapter, gold nanoparticles are widely used as contrast 
agents in the optical coherence tomography, because they scatter/absorb the 
illumination strongly due to their plasmon resonance.  However, it is not easy to 
differentiate the signal of the nanoparticles from the background scattering in a highly 
scattering tissue.  Poor signal-to-background ratio offered by gold nanoparticles limit 
their utility where high sensitivity in the presence of a strong background is required.  
In this chapter, we propose a 3D chiral nanoparticle consisting of two nanorods 
that can provide enhanced background rejection due to its chirality. To explain the 
origin of the chiral response, we developed a simple analytical model and numerical 
simulations based on the Finite Difference Time Domain (FDTD) method. Using the 
FDTD simulations the chiral response of the structure is quantified with several 
parameters, that are discussed later in this chapter. Apart from the nanorod structure, we 
also discuss the feasibility of employing the helical nanoparticles as plasmonic chiral 
contrast agent for highly sensitive imaging with OCT. 
Chapter 3.Plasmonic chiral contrast agents 
21 
 
3.1. INTRODUCTION  
To improve the imaging sensitivity at the molecular level, various effective methods 
have been proposed for isolating the signal of the contrast agents from the surrounding 
background tissue  [17,76,88,89]. Effective contrast enhancement requires the design of 
nanoparticles whose optical response differs substantially from the background tissue, 
and an effective imaging system to elicit and record this response. Differential optical 
response has been achieved with magnetic nanoparticles  [17,88,90] and thermally 
responsive nanoparticles  [76,89]. By employing an appropriate magnetic field along 
with the OCT setup, Oldenburg et al  [17] were able to achieve efficient background 
rejection leading to high contrast images. Tucker et al.  [76] employed additional pulsed 
laser in a  OCT system  to exploit differentiable photo thermal response of the contrast 
agents. 
Various polarization-sensitive extensions are available for OCT to image 
functional information with high sensitivity  [5,49,51]. These methods use intrinsic 
polarization response of the specimen for contrast generation. To the best of our 
knowledge, there is no OCT design that exploits exogenous polarization response for 
contrast enhancement. We were motivated by the fact that apart from enhancement in 
the scattering/absorption cross section, nanostructures can be designed to provide 
efficient polarization control [77,91,92]. Therefore, we decided to explore the design of 
a nanostructure that has unique polarization property different from biological 
specimens. 
In transmitted light microscopy, the fact that most of biological tissues do not 
have strong depolarization response is used to improve contrast. To exploit this fact 
Aaron et al  [61,80] fabricated an asymmetrical stellated nanoparticle that has an 
increased depolarized scattered light for linearly polarized incident light. They achieved 
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improvement in the detection sensitivity by using a dark-field polarization sensitive 
microscope.  
OCT detects the coherently backscattered light. In such a detection, a few 
biological structures (such as collagen) are known to provide polarization dependent 
response  [84]. It is rare to find biological entities with significant chiral behavior at 
optical wavelengths. Unlike most materials, chiral materials differentially scatter the 
left-circularly and the right-circularly polarized light  [93,94]. So there is a possibility 
that by labeling biomolecules with chiral contrast agents in a tissue and imaging with a 
circular polarization sensitive system (that differentiates the highly-chiral response of 
the contrast agent from the non-chiral or less-chiral response from the surrounding 
tissue), a significant improvement in signal to noise ratio and detection sensitivity may 
be achieved. 
Electromagnetic wave interaction with a chiral media leads to following effects: 
1) Polarization rotation, 2) circular birefringence in transmission modes and 3) 
differential scattering (CIDS) in back-scattering modes  [93,95±97].  Chiral materials 
demonstrate these unique electromagnetic response due to the lack of mirror symmetry 
in their structural building blocks  [98±100]. Because of the lack of symmetry, the chiral 
structures have different induced field for LCP and RCP incident waves. These 
preferential field inducement in the chiral structure leads to polarization rotation, 
circular birefringence and CIDS responses.  
Because of unique polarization dependent response, chiral response can be used 
for several applications at optical frequencies, for example metamaterial design, 
polarization controller etc [83,101±104]. To implement these applications, an effective 
chiral structure design and understanding of underlying chiral mechanisms is needed. At 
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microwave frequency range, interaction between chiral media and electromagnetic wave 
is widely studied. For different applications several chiral structure designs with 
controlled chiral properties have been demonstrated  [93,97,105,106]. But as the 
material properties at microwave and optical frequencies are quite different, there is no 
direct correlation between design principles and chiral structures at microwave 
frequency and at optical frequency [107,108]. 
Recently, various groups have demonstrated several chiral structures at optical 
wavelengths and their applications [81,91,101,106,109]. For our work, we needed a 
structure that has strong differential response and strong scattering signals in the back-
scattering direction at near infrared wavelength. Previously proposed chiral structures 
do not have strong chiral response at near infrared wavelength or are designed very 
specifically for planar transmission applications. To overcome these limitations, we 
proposed to use double layer plasmonic nanostructure to obtain the chiral scattering 
response. Our idea is based on the earlier works, such as controlling the scattering 
response with collective plasmonic nanoparticles [110±113] and the work in which 
authors demonstrated that microscopic bilayer metallic pattern has chiral response to 
normally incident light as it provides optical rotation to a linearly polarized normally 
incident light  [91,114].  
In this chapter, we show that a dual-rod gold nanoparticle can provide strong 
tunable chiral response. Using an analytical method and numerical simulations based on 
the Finite Difference Time Domain (FDTD) method, we demonstrate that the proposed 
nanoparticles provide differential response to the left circularly polarized (LCP) and the 
right circularly polarized (RCP) incident light along with the enhanced scattering due to 
the plasmon resonance. FDTD method  [115] has been employed to characterize the 
particles and demonstrate their polarization dependent behavior and enhanced scattering 
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cross-sections. We provide designs for the particles with resonance at 800 nm and 1310 
nm.  
Recently, Kuzyk et al  [77] demonstrated DNA based self-assembly method for 
fabricating plasmonic structure with chiral response in visible wavelengths. Inspired by 
their work, we explored a helical structure that can provide resonance in near-infrared 
range. Since biological tissue offers the least amount of scattering in near infrared 
region, our exploration should be of value to various biological applications of OCT.  
Due to enhancement in scattering due to plasmon resonance, circular 
polarization dependent optical response of the proposed particles can be readily 
differentiated from the background using the proposed modifications in the OCT 
system.  
The rest of the chapter is organized as follows. In section 3.2, we discuss the 
dual-rod nanoparticle. Simple analytical model and FDTD based explanation is 
presented to describe the origin of the chiral response from such dual rod structure. The 
details of the proposed chiral structure is discussed in section 3.3, Details of FDTD 
simulations used for more accurate characterization and details of performance 
parameters are provided in the same section. In section 3.4, we have provided the 
numerical simulation results to demonstrate the chiral response from our nanostructure 
at NIR wavelength and its characterizations. The 3D chiral plasmonic structure based on 
DNA self-assembly is discussed in section 3.5. We conclude the chapter with a 
summary and the discussion in section 3.6. 
3.2. POLARIZATION DEPENDENT SCATTERIN FROM DUAL 
PLASMONIC NANOPARTICLES 
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The interacting nanoparticles have additional degree of freedom, which is the relative 
phase shift that they can provide in the electromagnetic far-field region due to their 
spatial arrangement. In the field of antennas, similar phase control is widely used to 
control the scattering response in phased array antennas. Recently, several groups have 
demonstrated that interacting plasmonic nanoparticles can also be used to exploit this 
phase shift to get control over the scattering response. This control allows to obtain a 
response that could not be obtained with single plasmonic nanoparticles.  
In this work, we propose to use a collective plamonic nanoparticle behavior to 
obtain a polarization dependent scattering. We consider, a structure consisting of two 
nanorods. Along with the physical separation between the two nanorods, relative 
rotational angle between them provides additional degree of control. A simple analytical 
model is developed to elucidate the effect of the relative angle between nannorods and 
spacing between them in controlling the polarization dependent response. The analytical 
model is supported by a numerical simulations carried out using FDTD method. At the 
end of this section, we demonstrate a 3-D chiral response from such dual nanoparticle 
structure.  
3.2.1. DUAL-NANOROD: ANALYTICAL MODEL 
A simple analytical model is developed to explain the polarization dependent response 
from a dual plasmonic nanorod structure. For this analytical model, a dual rod structure 
with an optical path separation of Obetween two nanorods and rotational angle of -
450 between two nanorods is considered. A schematic of the dual nanorod structure is 
shown in the Figure 3-1. The Figure 3-1, depicts the response from a structure for left 
circularly polarized (LCP) and right circularly polarized (RCP) incident light.  




Figure 3-1 Polarization dependent response from dual rod structure, rods are represented by yellow 
color, Distance between nanorods=Oand relative rotation between nanorods = -450 
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While deriving the analytical equations, the following simplifications are used: 
1) Each nanorod is represented by an electric dipole with the induced dipole 
moment along its long axis (the longitudinal mode). The field contribution 
along the transverse direction is much weaker and is therefore neglected.  
2) The strength of the induced dipole moment is proportional to the electric 
field along the longitudinal axis of the nanorod and the amplitude of the 
scattered electric field is proportional to the induced dipole moment in the 
nanorod.  
With the above simplifications analytical scattering responses are derived for LCP 
and RCP illuminations. IEEE conventions are used to represent LCP and RCP waves.  
A plane LCP wave travelling along the Z-axis is given by: 
 ( ) ( )( , ) ( j )e e
2
j t kz j t kz
LCP x y L
At z AZ Z    E e e e      (3.1) 
Where A is the amplitude, Zis the angular frequency, wavenumber k=2SOex 
and ey  are unit vectors along X- and Y-axis respectively. eL+ is the unit vector for left 
circularly polarized wave propagating in +Z direction. Similarly, a plane RCP wave is 
described by: 
( ) ( )( , ) ( j )e e
2
j t kz j t kz
RCP x y R
At z AZ Z    E e e e     (3.2) 
eR+ is the unit vector for right circularly polarized wave propagating in Z direction. 
/HW¶V ILUVW FRQVLGHU WKH VLWXDWLRQwhen the LCP wave impinges the dual rod structure 
with its first nanorod in parallel to the X-axis and the second nanorod rotated for -450 
around the Z-axis as shown in the Figure 3-1. For the first nanorod, the induced dipole 
moment is: 
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1( , 0) e2
j t
x
At z ZK  P e        (3.3) 
Where, Kis a constant depending on the size and material of the nanorod and the 
wavelength of the incident light. For simplicity, we have considered wavelength 
independent response. The backscattered light from the nanrod in the far-field is linearly 
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Where, eL- and eR- are respectively the unit vectors for left and right circularly polarized 
wave propagating in -Z direction. For the second rod located at z=O and its long axis 
parallel to v2 = (ex - ey)/ 2 , the induced dipole moment is 
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So the total backscattered field from the dual road structure is: 
 
1 2
( ) ( ) ( )







j t kz j t kz j t kz
R L R L
j t kz j t kz
R L









    
§ · ¨ ¸
© ¹
E E + E
e e e e
e e
             (3.7) 
, in which the first term represents the co-polarization component2 and the 
second is depolarized component, which we refereed as cross-polarization component. 
                                                 
2 Co-component: Light reflected from a normal surface becomes opposite handed for a circularly 
polarized incident light. We use a term co-component for this opposite handed backscattered light. Cross-
component: Several assymetric structures and several biological tissues can provide the same 
backscattered light of the same handedness. We use the term cross-component to describe this same 
handed component. More details are in Figure 5-3. 
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In the case of RCP illumination the response from the dipole 1 will remain the same. 
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Thus, the total backscattered field is: 
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Where, the first term represents co-component and second term represents cross 
component of the backscattered intensity. Thus, for LCP and RCP illumination the 
intensity of cross and co-polarized component and total backscattered intensity is given 
by: 
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To further elucidate the possibility of tunable polarization dependent response, a 
dual rod structure with a physical separation of Obetween two nanorods and rotational 
angle of 450 between two nanorods is considered. The schematic representation of the 
response is shown in the Figure 3-2.  
With the similar analysis as described earlier, the co- and cross polarized 




























       (3.11) 
Two results, confirms possibility of obtaining tunable polarization dependent 
response using two nanorod structure. Along with the relative rotational between two 
nanorods, the distance between two nanorods also controls the polarization dependent 
response. A dual rod structure with a physical separation of Obetween two nanorods 
and rotational angle of 900 between two nanorods is considered. The schematic 
representation of the response is shown in the Figure 3-3. The response from the first 
nanorod is same as discussed earlier, the response from the second nanorod for LCP and 
RCP illumination and combined response is derived.  
 
 




Figure 3-2 Polarization dependent response from dual rod structure, rods are represented by yellow 
color, Distance between nanorods=Oand relative rotation between nanorods = 450 
 




Figure 3-3 Polarization dependent response from dual rod structure, rods are represented by yellow 
color, Distance between nanorods=Oand relative rotation between nanorods = 900 
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 Backscattered light from the normal surface mainly contains the co-polarized 
components, and while single nanorod has both co and cross polarized components. 
With this dual rod arrangement, the structure only provides cross-polarized 
backscattered light. A general purpose MATLAB code that computes the polarization 
dependent response is given in the Appendix 2.  
3.2.2. DUAL-NANOROD:F DTD  
The result obtained with analytical model shows that the possibility of obtaining a 
polarization dependent response from a dual-rod structure. In the analytical model, we 
neglect the effect of near field coupling and it also does not include the plasmon 
UHVRQDQFH HIIHFW 'LUHFW VROXWLRQ RI 0D[ZHOO¶V HTXDWLRQ LV QHHGHG IRU DFFXUDWH
characterizations of polarization dependent response.  
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There are several numerical methods for accurately simulating the behavior, 
including Finite Difference Time Domain method (FDTD)  [116] and Discrete Dipole 
Approximation (DDA) method [117]. For our current study we have used FDTD 
method based simulation. In this section, we compare the numerical simulation results 
obtained with the FDTD and analytical model results. Using this comparison it is shown 
that simple analytical model can be used to qualitatively predict the polarization 
dependent behavior of two rod structures.  
Details of the FDTD simulation method settings and parameters used are listed in 
the Appendix 3. We simulated a dual gold nanorod structure, where the single gold 
nanorod has the dimensions of 175nmx30nmx30nm. This dimensions provides plasmon 
resonance profile as shown in the Figure 3-4. 
 
Figure 3-4 Resonance profile and strength of different polarization components for single nanorod, 
CrossRCP(LCP): Cross polarized component for RCP(LCP) illumination, CoRCP(LCP): Co polarized 
component for RCP(LCP) illumination 
 
FDTD simulations are carried out with following set of nanorod assemblies: 
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1) Two nanorod assembly (Dimensions: 175nmx30nmx30nm), an optical path 
separation of Obetween two nanorods and rotational angle of -450 between 
two nanorods. 
2) Two nanorod assembly (Dimensions: 175nmx30nmx30nm), an optical path 
separation of Obetween two nanorods and rotational angle of 450 between 
two nanorods. 
3) Two nanorod assembly (Dimensions: 175nmx30nmx30nm), an optical path 
separation of Obetween two nanorods and rotational angle of 900 between 
two nanorods. 
 In the analytical model, it is assumed that the incident light induces the electric 
dipoles in both nanorods. In this section we present the near-field electric field 
distribution obtained with FDTD to validate this assumption. The analytical model 
predicts that the phase of the induced dipole moments is dependent on the incident light 
polarization. The phase profiles are obtained with the FDTD simulations, which agrees 
well with the analytical model prediction.  
In the Figure 3-5, near field electric profile is shown on both nanorods (optical 
path separation of Obetween two nanorods and rotational angle of -450) for LCP and 
RCP illumination. The colorbar represents the strength of the electric field and the 
vector plot represents electric field distribution. In this plots, a distinct dipole behavior 
is visible in both nanorods. A vector field profile suggests that the induced field in both 
nanorods for LCP illumination is in phase and for RCP illumination it is out of phase. A 
separate near field phase profile plot is shown in the Figure 3-6. The near field profile 
behavior and analytical agrees with each other for all three simulation conditions 
(Figure 3-5-Figure 3-10).  




Figure 3-5 Near field electric field for dual rod assembly, color bar represents absolute electric field 
amplitude (optical path separation of Obetween two nanorods and rotational angle of -450)        
 
 
Figure 3-6 Near field phase profile (optical path separation of Obetween two nanorods and 
rotational angle of -450) 
 




Figure 3-7 Near field electric field for dual rod assembly, color bar represents absolute electr ic field 
amplitude (optical path separation of Obetween two nanorods and rotational angle of 450) 
 
Figure 3-8 Near field phase profile (optical path separation of Obetween two nanorods and 
rotational angle of 450) 
 




Figure 3-9 Near field electric field for dual rod assembly, color bar represents absolute electric field 
amplitude (optical path separation of Obetween two nanorods and rotational angle of 900) 
 
Figure 3-10 Near field phase profile (optical path separation of Obetween two nanorods and 
rotational angle of 900) 
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This polarization dependent response leads to different background signal 
strengths for LCP and RCP illumination. To compare the analytically predicted signal 
strength with the numerical simulations, we provide numerically obtained differential 
scattering cross-section for LCP and RCP illumination. Differential scattering cross-
section quantifies the strength of the signal in the back-scattered direction. Its definition 
and the calculation method is discussed in the appendix. Here, we qualitatively 
compared the signal strengths obtained with the analytical models and the FDTD 
simulations.  
A MATLAB code based on the analytical model is developed and it is discussed 
in the Appendix. In the case of nanorod assembly with the optical path separation of 
Obetween two nanorods and rotational angle of -450, the analytical model predicted 
constructive interference in the cross-polarized components for LCP illumination, that 
leads to a strong cross-component for LCP illumination. For cross-polarized 
backscattered light for RCP illumination, destructive interference results, leading to 
cancellation of the signal. In Figure 3-11, strong agreement between FDTD and 
analytical results is observed. In the FDTD results, near the plasmon resonance 
wavelengths, there is a presence of cross polarized component for RCP illumination, 
which is not there in the analytical results. We believe that this component is due to the 

















Figure 3-11 Backscattered signal intensities obtained with analytical model and FDTD simulations 
(optical path separation of Obetween two nanorods and rotational angle of -450) 










Figure 3-12 Backscattered signal intensities obtained with analytical model and FDTD simulations 
(optical path separation of Obetween two nanorods and rotational angle of 450) 











Figure 3-13 Backscattered signal intensities obtained with analytical model and FDTD simulations 
(optical path separation of Obetween two nanorods and rotational angle of 900) 
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FDTD results are more accurate and including the effect of near field coupling 
and material dispersion properties. Figure 3-11-Figure 3-13 suggests analytical model 
accurately predicts the polarization dependent response. To further check the accuracy 
of the analytical model, we calculated Circular Intensity Depolarization Difference 
(CIDD) using analytical and FDTD results.  For contrast enhancement a CIDD 
parameter is described in Chapter 5. We compared CIDD obtained with FDTD and 
analytical model, as it is independent of absolute signal level. The comparison is shown 






   
 
Figure 3-14 CIDD (FDTD vs Analytical) (optical path separation of Obetween two nanorods, and 
rotational angle of 450and -450) 
 
Comparisons between the Figure 3-11-Figure 3-14 suggests, that the analytical 
model provides a simple and intuitive way to predict the polarization dependent 
response from nanorod assemblies. 
3.2.3. 3-D CHIRALITY 
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The analytical and FDTD results presented in the previous section confirm that a dual 
rod assembly can provide an incident light polarization dependent response. This 
response can be tuned by controlling relative rotation between nanorods and/or the 
spacing between the nanorods. In this section, we demonstrate that this structure also 
has a 3-D chiral optical response.  Here, we define 3D chirality as strong preference to 
particular polarized light for all possible orientation in the 3D space. Results of the 
previous section suggested that when the optical path separation between the two 
nanorods is O, and rotational angle is 450 or -450, the nanorod assembly strongly 
scattered one circular polarized state than the other orthogonal circularly polarized state. 
Here, we provide a result to demonstrate that the particle maintains similar polarization 
dependent preference for the whole 3-D space.  
A normalized differential scattering parameter circular intensity differential 
scattering (CIDS) is calculated using the analytical model predicted intensities. 
  
( ) ( )
( )
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In 3-D space, distinct orientations of a particle can be obtained by an azimuth 
rotation (I) followed by the polar (T) rotation with respect to its starting position. In the 
simulations, we have used circularly polarized incident light propagating along z . An 
azimuthal rotation is equivalent to rotating the incident light field azimuthally, leading 
to phase change only for the circularly polarized incident light. Due to the inherent 
symmetry of the imaging system, the particle displays azimuth (I) rotation independent 
response. On the other hand, particle will have distinct response for different polar 
URWDWLRQDODQJOHV:HFRPSXWHWKHSDUWLFOH¶VUHVSRQVHIRUGLIIHUHQWSRODURULHQWDWLRQVRI
the particle, which were obtained by rotating the particle by polar angle (T ) values 00 to 
1800 in steps of 300. We obtained the response of two set of particles in both set the 
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distance between nanorods is of Obetween two nanorods, and rotational angle in one 
set is 450and  in the another one it is -450. 
 
 
Results in the Figure 3-15 demonstrates that for particle in any 3-D orientation, 
maintains strong preference to the incident polarized light. For example, if the particle is 
designed to scatter LCP more strongly, then it will maintain its polarization dependent 
preference.  
3.3. 3-D CHIRAL PLASMONIC NANOPARTICLES 
In the previous section, we discussed the possibility of obtaining a 3D chiral response 
from a dual rod structure. In this section, we carry out further FDTD analysis and 
characterization for the particles. A simple dual rod chiral nanoparticle as shown in 
Figure 3-16 is considered in this study. The particle consists of two metallic bars 
patterned on a dielectric layer. As it is possible to achieve desired resonance 
wavelengths (e.g., 800nm, 1310nm) using gold and silicon nitride is a standard 
dielectric material used in the semiconductor fabrication process, we choose gold and 
silicon nitride in this study.  The resonance wavelength of the particle depends on the 
dimensions of the gold nanobars, properties of the dielectric material, and spacing 
between both bars.  
045rT   045rT  
Figure 3-15 CIDS for different polar angles 
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The chiral behavior of the particle is due to the relative angle (Tr) and the distance 
(D) between gold nanobars. Parameters D and Tr affect the manner in which the 
nanoparticles interact with different polarization states of the incident light. To define 
the angle Tr, consider the particle orientation as shown in the Figure 3-16. The incident 
light propagates in the z direction, the first gold nanobar (the bottom layer) has its major 
axis oriented along its long side, and second gold nanobar (the top layer) has its major 
axis oriented along its long axis as shown in Figure 3-16. The angle Tr is measured in 
the clockwise direction.  
 
 
Figure 3-16 Schematic of the three dimensional chiral structure and its top view, considered in our 
numerical simulations 
 
3.3.1. F DTD METHOD AND SETTINGS 
Finite Difference Time Domain (FDTD) based analysis provides a valuable assessment 
of the scattering properties of the proposed particles and establishes important design 
parameters, which are prerequisite to the fabrication and use of such contrast agents. A 
commercial software, LUMERICAL  [115],  is used to carry out simulations. To 
characterize the scattering properties of the particle, a finite simulation region with a 
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particle and surrounding medium of water is used. As the scattering problem is 
intrinsically an open-boundary problem, proper truncation boundary conditions are 
necessary to make simulation region finite. It is also necessary to have boundary 
conditions which do not cause spurious reflections due to impedance mismatch  [116], 
otherwise the spurious response can lead to erroneous results. Perfectly matched layers 
(that match the impedance and the absorption at the edges of the simulation region) are 
designed, so that we can characterize a particle as if it is in the free space  [116] using a 
finite simulation geometry.  
LUMERICAL has a graphical user interface that has four main parts: 
Structure: Geometry of the particle under study can be designed using this part. 
This part also allows user to define optical properties of the material. LUMERICAL has 
inbuilt database of widely used materials and it also allows user to define custom 
material properties  [118]. For our simulation purpose, we used their inbuilt database to 
define material properties.  
Simulation: This part allows user to set the property of the perfectly matched layer 
(PML), define the simulation time and the mesh sizing. It is known fact that the region 
near gold nanorods have high gradient of field variation, so to capture field profile 
correctly finer mesh is required in these regions. The mesh size in the nanoparticle area 
is set to 1nm. In the surrounding region the mesh size is automatically determined by 
LUMERICAL software and that size is around O/20.   
Source: Source tab allows the user to define the source properties such as 
wavelength, polarization and amplitude. For our simulation we have used total field 
scattered field (TFSF) source configuration to study the scattering property of the 
nanoparticles. LUMERICAL does not have option to create circularly polarized incident 
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light directly in TFSF configuration. To obtain response of the particles to the LCP light 
and RCP light, we use the fact that LCP and RCP are superposition of the two 
orthogonal linearly polarized components  [119]. We calculate the response for two 
linearly polarized orthogonal sources and properly superpose the complex field 
responses to obtain the scattered field values for LCP and RCP.  Throughout the paper 
IEEE convention has been used to define LCP and RCP waves  [120].  
Monitors: FDTD simulation generates time domain data; FFT analysis is needed 
to generate frequency domain data. To extract the scattering response of the particle, we 
need frequency domain field data only at certain positions. These positions and field 
quantities to be recorded are defined under monitor tab.  
 





the simulation. The script file used for our analysis is given in the appendix II.  
3.3.2. PERF ORMANCE PARAMETERS 
To quantify differential response to LCP and RCP incident light, we introduce a 
parameter termed Circular Intensity Differential Scattering (CIDS). These parameters 
are calculated using the field values obtained by FDTD. CIDS is defined as: 
  
( ) ( )
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     (3.13) 
Where, intensity I(Z  is calculated using (3.14) that takes numerical aperture of 
the optical setup into the account.  
PML Structure 
Source Monitors 
Figure 3-17 Lumerical GUI 
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Where,  , ,Z T IE  is the back-scattered field obtained using the FDTD 
simulations in spherical coordinates, numerical aperture NA=n*sin(D). ILCP is the total 
backscattered field intensity for the left-hand circularly polarized (LCP) incident light 
and IRCP is the total backscattered field intensity for the right-hand circularly polarized 
(RCP) incident lLJKWIRUWKHDQJXODUIUHTXHQF\ȦRIWKHLQFLGHQWOLJKW 
CIDS and back reflected intensity obtained by (3.13) and (3.14) are 
monochromatic parameters, which we calculate for a range of wavelengths. OCT uses 
broadband source to obtain depth-dependent reflectivity. The depth-dependent 
reflectivity is proportional to the integral over source frequencies of the product of the 























Z³ PSD(Z )dZ    (3.15)                   
Where, R is the depth dependent reflectivity and is PSD the power spectral density 
of the source. Normalized difference in reflectivity (3.4) is used to quantify differential 
response of nanoparticles that can be observed by the proposed OCT system. In our 
study, we have used broadband sources with the center wavelength of 800nm, 1310nm, 
and bandwidth of 75nm, 150nm respectively.  
The normalized difference in the reflectivity ('RN) or detected intensity CIDS is 
defined as, 










       (3.16) 
 where, RL is the reflectivity of the particle for left circularly polarized incident 
light and RR is the reflectivity of the particle for right circularly polarized incident light 
for the broadband source.  
To demonstrate the enhancement in the scattering due to Plasmon resonance, we 
have also calculated the differential backscattering cross section (DSC) for both RCP 
DQG/&3LQFLGHQWOLJKWV1RWHWKDWWKHWHUPµGLIIHUHQWLDO¶LQ'6&DVWDQGDUGSDUDPHWHU
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Where, backscatterdP is the back scattered power from the particle (Watt) and incI  is 
the incident power density (Watt/m2). DSC is useful to determine the strength of the 
back-scattered signal, whereas CIDS and normalized difference in reflectivity are 
parameters that quantify the differential response to the sense of the circularly polarized 
light.  
To obtain good signal to background ratio (with respect to the endogenous 
scattering entities), high CIDS and normalized difference in reflectivity are required. 
For achieving good signal to noise ratio, high values of DSC are required.   
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These parameters are calculated by using a MATLAB file (Appendix III), this 
MATLAB file uses the field value calculated by the LUMERICAL software. 
3.4. RESULTS 
In this section we discussed the numerical simulation results obtained by using the 
FDTD method.  
3.3.1. DIMENSIONS DETERIMINATION 
It is possible to tune the resonance wavelength by changing the dimensions of the 
nanorods in the particle. We present the differential scattering cross section of the 
particle for two sets of dimensions. The dimensions were selected such that the 
structures resonate at around 800nm and 1310nm (Figure 3-18 and Figure 3-19), widely 
used wavelengths for OCT  [6]. For the simulations, we considered a single chiral 
particle oriented such that the long axis of gold nanobars are perpendicular to the 
propagation direction of the incident light.  
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Figure 3-18 Differential Scattering Cross section for the particle for LCP and RCP 
incident lights for single particle Dimensions of the particle used in the simulation are: 
L = 175nm , W = 30nm , D = 81nm , T r = 450 ,NA = 0 .35 
Figure 3-19 Differential Scattering Cross section for the particle for LCP and RCP 
incident lights for single particle Dimensions of the particle used in the simulation 
are:L = 70nm , W = 30nm ,  D = 68nm ,  T r = 450 ,NA = 0 .35  




3.3.2. AVERAGE BEHAVIOR 
From the Figure 3-18 and Figure 3-19, it is evident that when the particles are oriented 
normally to the incident light direction, they provide scattering dependent on the 
polarization of the incident light. Next, we demonstrate that even the average scattering 
for all possible orientations of the nanoparticles provides similar polarization dependent 
chiral behavior. In 3-D space, distinct orientations of a particle can be obtained by an 
azimuth rotation (I) followed by the polar (T) rotation with respect to its starting 
position. In the simulations, we have used circularly polarized incident light propagating 
along z . An azimuthal rotation is equivalent to rotating the incident light field 
azimuthally, leading to phase change only for the circularly polarized incident light. 
Due to the inherent symmetry of the imaging system, the particle displays azimuth (I) 
rotation independent response. On the other hand, particle will have distinct response 
for different SRODU URWDWLRQDO DQJOHV:H FRPSXWH WKH SDUWLFOH¶V UHVSRQVH IRU GLIIHUHQW
polar orientations of the particle, which were obtained by rotating the particle by polar 
angle (T ) values 00 to 1800 in steps of 50. 
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If the particles are injected in the biological specimen, particles will have random 
orientations and locations. Thus, obtaining their collective optical response requires that 
we compute average intensity of the backscattered light from different particles. Figure 
3-20 shows the intensity averaged over all particle orientations, and CIDS calculated 
from the averaged intensities. 
It is evident that even in the case of random orientations, these particles still show 
a net polarization dependent behavior. Around the resonance wavelength, we observe 
30-40% difference in the backscattered intensities for LCP and RCP incident light.  
We also computed the normalized difference in reflectivity.  We assumed 
Gaussian power spectral density of the source, center wavelengths to be 800nm and 



































































        (c)                   (d) 
        (a)                   (b) 
Figure 3-20 (a), (c) Averaged differential scattering cross section obtained by rotating the pa rticles at finite 
steps (b), (d) CIDS calculated using the averaged backscattered field intensities for  LCP and RCP lights. 
Dimensions for (a) and (b): L = 70nm , W = 30nm , D = 68nm , T r = 450 ,NA = 0 .35, Dimensions for (c) and (d): 
L = 175nm , W = 30nm , D = 81nm , T r = 450 ,NA = 0 .35 
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1310nm, and bandwidths to be 75nm and 150 nm, respectively. The normalized 
difference in reflectivity 'R in both cases is around 30%. Thus, with proper 
modification, OCT system can be used to reject background signals that do not provide 
circular polarization dependent behavior and we can get signal with strength of around 
30% of reflectivity. When combined with enhancement due to Plasmon resonance, we 
can achieve enhanced sensitivity in detection of nanoparticles.  
Above results characterize the differential response from particles for pure LCP 
and RCP incident light. Form birefringence in biological tissues alters the polarization 
state of light and potentially introduces significant background. To assess the effect of 
polarization state change due to birefringence, we calculated normalized difference in 
reflectivity for various values of phase retardations. In this study, for both LCP and 
RCP, we obtained elliptical polarization state by applying the phase retardation in one 
of the linear orthogonal component. Field values were obtained for this altered polarized 
state. In Figure 3-21, we have plotted normalized difference in the reflectivity for 
different values of phase retardation. Both LCP and RCP get converted into linearly 
polarized light at 90o phase retardation. Thus, at 90o phase retardation, we have same 
backscattered intensity leading to zero normalized difference in reflectivity. At 180o 
phase retardation, LCP converts into RCP and vice versa, so we should expect opposite 
sign in normalized difference in reflectivity.  
The real biological tissues introduce phase retardation values of around 0.6o/mm 
[20]. Thus, we can judge from Figure 3-21 that such small phase change will not lead to 
significant change in the value of normalized difference in reflectivity. In practice, it is 
difficult to fabricate structures with precise dielectric width. Therefore, it is important to 
assess the response for various values of dielectric layer width (D). Figure 3-22 displays 
Chapter 3.Plasmonic chiral contrast agents 
59 
 
the effect of dielectric layer width on 'R. We notice that the changes in dielectric layer 





Results presented thus far demonstrate that the bilayer chiral nanoparticles can 
provide tunable wavelength and polarization dependent response. For above 
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          (a)                 (b) 
Figure 3-21 Effect of Phase followed on of media (Birefingence induced) on Normalized difference in 
reflectivity, Dimensions for (a): L=70nm, W=30nm, D=68nm, Tr=450 ,NA=0.35, Dimensions for (b): 
L=175nm, W=30nm, D=81nm, Tr=450 ,NA=0.35 
 
Figure 3-22 Effect of dielectric layer width change on normalized difference in reflectivity, Dimensions for 
(a): L = 70nm , W = 30nm ,  D = 68nm , T r = 450 ,NA = 0 .35, Dimensions for (b): L = 175nm , W = 30nm , D = 81nm , 
T r = 450 ,NA = 0 .35):   
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dimensions, particle scatters RCP incident light predominantly as compared to the LCP 
incident light.  It is possible to tune this behavior by changing Tr. In this work, we have 
demonstrated the effect of Tr on the polarization dependent behavior. In the Figure 3-23 
we have calculated CIDS of the structure for different values Tr. For Tr = 0
o and Tr = 90o, 
the structure looks symmetrical to the incident light, and consequently it will not 
provide polarization dependent behavior. Other values of Tr will make it chiral and 
provide the polarization dependent behavior. Varying Tr from 45
o to 135o changes the 
handedness of the particle and reverses the polarization dependent behavior. We can 


















Figure 3-23 Chirality tuning by changing rT CIDS obtained for the chiral structure 
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3.5. HELICAL CHIRAL PLASMONIC NANOPARTICLES 
In later chapters we will discuss the fabrication of dual rod structure proposed earlier. 
When manufacturing the structure, we found that fabrication of such dual rod structure 
is very difficult. E-beam lithography is needed to fabricate such structure, which is 
expensive and it turned out to be difficult to get nanoparticles in very high quantity with 
this method. We realized that overcoming such limitations requires a structure for which 
chemical synthesis is possible. In this section, we propose the use of nanohelical 
structure as chiral plasmonic contrast agents for OCT.  
 
3.4.1. 3-D NANOHELIX 
Recently in  [77], Kuzyk et al have proposed DNA based self-assembly method for 
fabrication of Nanohelix Figure 3-24, they had attached nanosphere of the diameter of 
10nm on the helix. The plasmon resonance wavelength for this dimension is around 
520nm. This structure is able to produce strong circular dichroism in visible wavelength 
(Figure 3-25). 




Figure 3-24 Left and right hand helical structure (From [77]),  





OCT application we need a structure that can provide a chiral response around 
near infrared wavelength. The analysis and experimental results in  [77] are for 
transmitted light measurement, while OCT detects the backscattered light. Here, using 
numerical simulations we have demonstrated that with proper modification such 
structure also provides chiral behavior at near infrared wavelength, and we have 
characterized its response in the backscattering regime.  
In the helical structure, the plasmon resonance and wavelength of significant 
chirality are determined by the resonance wavelength of the attached gold particles to 
the DNA based self-assemble helical structure. To use the helical structure for OCT, we 
need to replace gold nanospheres with other symmetrical nanoparticles with maximum 
radius of around 10nm, which can provide resonance around 800nm. With such a small 
Figure 3-25 Circular dichroism results  (From [77]) 
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dimensions, a gold nanosphere cannot provide resonance wavelength above 600nm 
 [60].   We propose to use an iron-oxide core, and gold shell structure to circumvent this 
problem. Through MIE theory and FDTD simulations we verified that this structure has 
resonance wavelength at around 800nm (Figure 3-26).                                                                                                                                       
























Figure 3-26 Scattering cross section of core-shell structure, core radius=7.6 nanometer, shell radius=10 
nanometer 
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In our study we have considered the structure as shown in the Figure 3-27, we 
have used the same dimension of DNA helix as in the ([43]), and we replaced the gold 
sphere with the iron-oxide core, gold shell structure. We used the material property 
defined by LUMERICAL material database. We used the same simulation methodology 
as described earlier. We have simulated left and right handed helical structure. The 
diameter of the helix in our case is 20nm. The pitch in our study is 57nm.  
 
3.4.2. RESULTS 
In this section we compare the CIDS for the left and right handed helical structures 
Figure 3-28 and Figure 3-29. We can see that the helical structure does have resonance 
peak at around 800nm. We calculated CIDS as well to demonstrate that such structures 
also have polarization dependent response. We calculate CIDS for both the left and the 
right handed helix. From CIDS results, we can clearly see that such structure has 
Figure 3-27 Left and right handed helical structures considered in the study 
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polarization dependent response. The polarization dependent response depends on the 
handedness of the helix. The resonance wavelength depends on the resonance 
wavelength of core-shell structure that forms the helix. 













































Figure 3-28 Scattering cross-section for helical structure 
Figure 3-29 CIDS for left and right handed helix 




3.6. SUMMARY AND CONCLUSION 
In this chapter, we discussed the need for novel contrast agents for OCT, followed by 
our idea of using the chiral structure for contrast enhancement. We demonstrated a 
simple 3-D chiral structure and described its chiral response. Using numerical 
simulations, we extracted the dimensions of the structure that resonate at wavelengths at 
which OCT is typically used. We defined performance parameters and numerically 
evaluated circular polarization dependent response.  We also carried out sensitivity 
analysis. We proposed to use nanohelical structure as chiral contrast agent as well. We 
have carried out initial numerical study on the structure. Using numerical simulations 
we demonstrated that such helical structure also provides strong polarization dependent 
response.
  
C H APT ER 4 . F ABRI C ATI O N O F  C H IRA L 
NAN O PARTI C L ES 
In the previous chapter, we demonstrated that a double layer gold nanorod structure has 
a chiral behavior. To experimentally verify the contrast enhancement, we fabricated an 
array of the double layer plasmonic chiral nanostructures. In the chapter 3, we proposed 
to use silicon nitride as a dielectric material in between two nanorods, but during the 
fabrication process silicon nitride could not be used with success. Therefore, we used 
silicon dioxide instead of silicon nitride as a dielectric in the fabrication of chiral 
nanostructures.  
In the section Chapter 4, we discuss the fabrication approach. As we had to 
change the dielectric material in plasmonic nanostructure, we cannot use the dimensions 
derived in the chapter 3. The new set of dimensions derived with FDTD method is 
given in sec. 4.2. Fabrication steps are given in sec.4.3. In sec.4.4, experimental 
characterization of plasmonic chiral nanoparticles is given. Dr Deng Jie and Mr Chum 
Chan Choy from SERC, nanofabrication, processing and characterization facility, 
IMRE, carried out the fabrication process. Dr Fu Yuan Sing helped us in getting the 
plasmon resonance characteristics at DSI, A*Star.  




4.1. FABRICATION APPROACH 
As discussed in earlier chapters, gold nanoparticles in various shapes and compositions 
are being used as contrast agents for optical coherence tomography  [3,66]. The shapes 
mainly include nanosphere, nanorods, nano core-shell, nanostar etc. Various chemical 
methods are available to fabricate such nanostructures.  [68] [60] [69] [67].  
Our plasmonic chiral nanostructure consists two nanorods separated by a 
dielectric material. The angle between two nanorods is the crucial parameter that 
controls the chirality property. Thus, we need a method that can fabricate such structure 
with high accuracy. To the best of our knowledge, there is no chemical method that can 
fabricate our proposed plasmonic chiral nanostructure.  
In the area of photonics metamaterial [92], various groups have exploited double 
layer plasmonic structure  [91,92]. In their case, E-beam lithography based fabrication 
method is used to achieve accurate angular positioning between two nanolayers.  
Even though E-beam lithography is not a cost-effective method to fabricate the 
contrast agents, we decided to go ahead with E-beam lithography based fabrication to 
evaluate feasibility of contrast enhancement with the proposed structure. Our fabrication 
approach is based on the method used in  [92]. In  [92], Svirko et al. fabricated an array 
of mutually twisted double layer gammadion structure (Figure 4-1). A similar 
fabrication method is also used in the fabrication of a double layer nanodimer structure 
 [121] (Figure 4-1).   
All the methods used so far have fabricated array structures on a substrate, but in 
our case we need nanoparticles in a solution. Additional steps are necessary in the 
fabrication process to isolate the nanostructure from the substrate.  
 





Figure 4-1 Bilayer nanostructures (From [92]) 






The process steps are shown in Figure 4-2. In the process, additional 
photolithography process is needed after coating the silicon nitride on the first layer of 
gold nanorods. Photolithography process generates island of particles on the substrate. 
Second layer of the gold nanorods is inserted with E-beam lithography process using the 
approach motioned in  [92]. After obtaining dual layer structure, an additional step of 
processing with HF (hydrofluoric) acid is necessary. Processing with the HF acid 
dissolves the silica layer [21]. With this step particles can be separated from the 
substrate layer. 
Figure 4-2 Fabrication approach 







4.2. STRUCTURE DIMENSIONS 
For the fabrication of nanoparticles with E-beam lithography method, we collaborated 
with SERC nanofabrication, processing and Characterization facility located at A*Star 
IMRE. At IMRE, during the initial testing we IRXQGWKDWWKHLUIDFLOLW\FRXOGQ¶WXVHWKH
silicon nitride coating for our nanoparticles. We decided to use silicon dioxide as a 
dielectric layer between the gold nanorods.  With this modification in the fabrication, 
we would not be able to separate out the particles from the substrate. Nevertheless, we 
decided to proceed with the fabrication as modified fabrication process would still allow 
us to validate the contrast enhancement due to chirality.  
While calculating the dimensions of nanostructure using the FDTD, we also 
considered the fact that a sputtering method was to be used for the dielectric deposition. 
A dielectric produced by sputtering methods has different dielectric constant than the 
value available in literature for bulk material.  To take the effect of dielectric variation 
in account, we first measured the dielectric property using ellipsometer  [122]. The 
material property measured with the ellipsometry is used to model the dielectric in 
FDTD simulation. Properties of gold were used from the database supplied with 
LUMERICAL. The theoretical plasmon resonance profile for the fabricated structure is 
shown in the Figure 4-3, structure with the dimensions of L=150nm,W=30nm and 
D=50nm. 
 







The proposed array structure is as shown in the Figure 4-4. The pitch between the 
plasmonic nanostructure is 10Pm. We fabricated array of 25x25 nanostructures. The 
array is patterned over silicon dioxide substrate.  
4.3. FABRICATION METHOD 
Here I briefly mention the steps used at IMRE for the fabrication of the structure: 
 1. E-beam lithography for the first layer of gold nanorods 
        Spin coat ZEP resist on SiO2/Si substrate 
        Bake 180oC for 2 min 
 
Figure 4-3 Differential Scattering cross section for LCP and RCP incident light and CIDS for structure 
dimensions L = 150nm , W = 30nm , D = 50nm , T r = 450 ,NA = 0 .35 
 
Figure 4-4 Arrangement of plasmonic chiral nanostructure on silicon dioxide substrate, pitch 
between the plasmonic nanostructure is 10Pm 




        Exposure at 320 uC/cm2 
        Develop: Oxylene for 30s 
        Rinse: IPA and blow dry with N2 
2. E-beam evaporation of Cr/Au (3/50nm) 
3. Soak in Remover 1165 to remove the ZEP resist and left the bottom Au lines 
4. 50 nm SiO2 coating on the sample by sputtering 
5. E-beam lithography for the top layer (same process as 1) 
6. E-beam evaporation of Cr/Au (3/50nm) 
7. Soak in Remover 1165 to remove the ZEP resist and left the bottom Au lines 
4.4. CHARACTERIZATION 
SEM images and dark-field images are acquired to confirm the success of the 
fabrication of array structures. SEM image is used to confirm the fabrication of dual 
layer structure and dark-field image is used to confirm the array arrangement of 
nanostructures. 






From the SEM images, we can see that the nanoparticles in the bottom layer are 
much wider than the nanoparticles in the top layer. During the fabrication, after the E-
beam writing of the first layer of nanorods, sputtering process is used to deposit the 
dielectric layer. The sputtering process occurs at high temperature. We believe the high 
temperature caused the deformation in the dimensions of the bottom layer. Due to this 
fabrication issues, the plasmon resonance wavelength is lower than aimed for.  With the 
FDTD simulation, we confirmed that even with such deformation, particles should still 
exhibit chirality property. To simulate the deformed structure, we set the dimensions of 
the top layer to L = 150nm,W = 30nm and the dimensions of the bottom layer to L = 
100nm,W = 70nm. The result of this simulation is shown in Figure 4-6, which indicates 
 
Figure 4-5 SEM image of single nanostructure, here we took SEM of the nanostructure from the area 
of nanostructure size 150nmx30nm 




that even with the deformation in the dimension of particles, the particles still have a 
chiral response. 
 
 Later, we carried out dark-field microscopic analysis. The results are in the 
Figure 4-7, in the result regular arrangement of signal is visible that confirms that 
nanostructures are arranged in the array.  


















































































Figure 4-6 Differential scattering cross section: (a) Experimentally obtained with dark field spectroscopy 
(b) obtained with FDTD for the PCN which has dimensions approximately equal to the fabricated 
structure dimensions. (c), (d) Polarization dependent response obtained with FDTD 






4.5. SUMMARY AND CONCLUSION 
In this chapter we started with the approach for the fabrication of double layer chiral 
nanorod structures. We provided the dimensions of the structure. Followed by that, we 
discussed the actual fabrication method used. Initial characterization was carried out 
and results are discussed at the end of the chapter.  
From the characterization results, we discovered that the fabricated particles do 
not have properties exactly as predicted due to limitations of the fabrication. The 
fabrication process needs to be improved to provide particles whose size and shape can 
be controlled with high fidelity. The second improvement required in the fabrication is 
to modify the fabrication protocol to use silicon nitride as the dielectric layer instead of 
silicon dioxide. Use of silicon nitride makes possible the HF acid processing that 
separates nanoparticles from silicon substrate. Though the fabrication needs 
improvement, still we have nanostructure with chiral property, in later chapters we 
show demonstrate enhancement in contrast using the chirality property.   
Figure 4-7 Dark-field image of nanoparticle area 
  
C H APT ER 5 . C H IRALITY SE NSIT IV E  O C T SYST E M 
In chapter 3, with help of numerical simulations, we demonstrated that the chiral 
nanoparticles have different response to the left and right circularly polarized incident 
light. We discussed that this differential response can effectively enhance signal to 
background ratio. To use this polarization dependent response for contrast 
enhancement, we need to modify the conventional OCT system, since it does not 
measure polarization dependent signal. We built a chirality sensitive OCT system to 
measure polarization dependent response, characterized it and used it for experimentally 
evaluating the chiral response of the particles.  
5.1. INTRODUCTION 
In the chapter 3, we proposed to use chiral response of the proposed particles to 
improve signal to background ratio. In this chapter, we discuss the OCT system that can 
measure the polarization dependent response.  
The conventional OCT does not have polarization dependent response. In this 
chapter an approach is discussed with which OCT can be modified to measure the 
differential polarization response. This approach is implemented on a commercial 




spectral domain-OCT (SD-OCT) system. This system and fabricated chiral 
nanoparticles are used to experimentally demonstrate contrast enhancement.  
In the chapter 3, we defined normalized difference in the reflectivity as contrast 
enhancement parameter. First, we discuss the contrast enhancement using this 
parameter. During the experiments, we found that the contrast based on this parameter 
is very sensitive to speckle noise in OCT.  
To minimize the effect of the speckle noise, later in this chapter, we define a new 
contrast parameter. We experimentally evaluated that this new contrast parameter has 
superior background rejection and contrast enhancement.  
To check the efficacy of the plasmonic chiral nanoparticles (PCNs) in a highly 
scattering environment, we experimentally tested the chiral nanoparticles in a tissue 
phantom. From experimental results, we demonstrate that even in a highly scattering 
tissue, chiral contrast probes can provide efficient background rejection and better 
contrast. This contrast enhancement is quantified using a weber contrast parameter 
 [123]. 
Background rejection capability of PCNs is compared with the widely used 
contrast probe such as nanorods. We compared the contrast enhancement from the 
PCNs with the contrast enhancement from gold nanorods solution under various 
scattering environments. We quantified contrast enhancement in each case. Using these 
quantitative results, we demonstrate that PCNs can provide better background rejection 
than gold nanorods.  
In this chapter, in the section 5.2, a conventional spectral domain OCT system is 
discussed that we have in the lab. Section 5.3, contains an approach that can allow us to 
measure the chiral response from nanoparticles and implementation of a chirality 




sensitive OCT system. Section 5.3.3, contains the experimentally reproduced 
polarization properties of a sample with known polarization property to validate the 
polarization dependent performance of the modified system. Sections 5.5 contains the 
details of the tissue phantom setup and the new contrast parameter. The experimental 
results of chiral nanoparticles are also presented in this section. Weber contrast is 
calculated for the experimental images to quantify the contrast enhancement.  
 
5.2. SD-OCT SYSTEM 
In our work we modified a commercially available SD-OCT system for polarization 
sensitive measurements. The commercial OCT system used in our work is from 
Bioptigen inc. The schematic of the system is in the Figure 5-1. This system is a single 
mode fiber-based spectral domain OCT system. It uses fiber based broadband 
superluminescence diode as a source. The center wavelength of the source is 840nm and 
the bandwidth of the source is around 49nm. The optical output power from the source 
is 6mW. 
The light from the source is divided into the sample and the reference arm using a 
fiber based coupler. Sample arm contains two galvo-mirror based X-Y scanner, and a 2x 
objective lens. To maximize the interference signal value, it is necessary to insert a 
polarization controller into the reference arm and the source arm. The interference 
signal is collected by a spectrometer. The Bioptigen spectrometer has wavelength 
detection range from 804.8nm to 875nm at the steps of 0.068nm. The detected 
spectroscopic information is processed to generate A-Scan signals.    
 





5.3. SYSTEM DESIGN 
Conventional OCT system measures depth dependent reflectivity of the sample, this 
measurement is polarization independent. To improve the contrast we need a system 
that can measure the depth dependent reflectivity for the left circularly polarized (LCP) 
and the right circularly polarized (RCP) light.  
5.3.1. THEORY 
To obtain the polarization dependent response, we need to modify the system to 
illuminate the sample with LCP and RCP light sequentially and it should be able to 
record total reflectivity for LCP and RCP illumination. As it is difficult to control 
polarization state in fiber-based system, a free space optical coherence tomography 
system was built.  
We can get LCP and RCP illumination of light by using a properly arranged 
quarter wave plate (QWP) in the sample arm. Standard wave propagation theory 
suggests that for a circularly polarized incident light, a homogenous biological tissue 
will reflect the opposite handed light.  The reflected light will become orthogonal to the 
illumination polarization after passing through QWP again. In our work, we will term 
 
 Figure 5-1 schematics of Commercial SD-OCT system from bioptigen 









In case of a circularly polarized illumination, a chiral or an asymmetric 
nanoparticle will reflect light with two polarization components; one that is polarized at 
the opposite handedness to the illumination and other that is polarized at the same 
handedness. After passing through the QWP after reflection,  
the opposite handed component will form the co- component and the component 
that has the same handedness will appear at the same polarization as that of illumination 
and will be termed as cross component as shown in the Figure 5-3. 
 In most of the conventional biological tissue, the back reflected light mainly 
consists of co-polarization component. On the other hand chiral and asymmetric 
nanoparticles such as nanorods do provide co and cross polarization components. For 
asymmetric nanoparticles total back reflected light for LCP and RCP remain same but it 
will have co and cross polarization components. In the case of chiral nanoparticles total 
back reflected light is also going to be different. Birefringent tissue also known to 







QWP at  
45o or at - 45o  
Figure 5-2 Incident light and reflected light behavior in the case of normal biological sample 
(solid line represents incident light, dotted line represents reflected light) 






5.3.2. CIRCULAR POLARIZATION OCT (CP-OCT) SETUPM IMPLEMENTATION 
A Bioptigen spectral domain OCT system was modified to be circular-
polarization sensitive. While most reported polarization OCT systems employ two 
detectors for simultaneous measurement of co and cross-polarized component [50], the 
Bioptigen system only has a single line camera for spectral domain measurement. As a 
result, co- and cross-polarized images have to be obtained sequentially using our CP- 
OCT system, which is schematically illustrated in Figure 5.4.  
The illumination beam is generated by a super-luminescence laser diode (SLD), 
which has center wavelength of 840nm and a bandwidth of 50nm. The collimated beam 
is linearly polarized using a Glen-Thompson prism before entering a free space 
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Figure 5-3 Light response from chiral and asymmetric nanoparticles (solid line represents incident light, 
dotted line represents reflected light 




a left- or right-circularly polarized beam by the use of an achromatic quarter-wave plate 
(QWP1). Lateral scanning is achieved by a 2-dimmensional scanning mirror combined 
with a scan lens and a tube lens. The reference beam polarization is manipulated by a 
second quarter-wave plate (QWP2) and is reflected by a mirror back to the beam 
splitter. A near infrared objective (40X, 0.6NA) is used to tightly focus the sample beam 
into a sample. The backscattering/backreflection signal is collected by the same 
objective and is mixed with the reference beam at the beam splitter. A half-wave plate 
(HWP) is combined with another linear polarization (LP2) to selectively pass the co- or 
cross-polarized components in the mixed beam, which is convoyed to a spectrometer to 
generate a spectral domain interference pattern. The captured interference signal is then 
transferred to a PC (not shown in the figure), which performs Fourier transform and 
image rendering. 
Directly obtained from the CP-OCT are four polarization sensitive images, ALC , 
ALX , ARC , and ARX ,and the corresponding circular depolarized and co-polarized 
intensities 2 2 2, ,LX LX LC LC RX RXI A I A I A    and 2RC RCI A . The subscriptions L and R 
respectively refer to left- and right-circularly polarized illumination, while C and X 
corresponds to co- and cross-polarized detection, respectively. The total backscattering 
intensity in response to left-circular-polarized illumination L LC LXI I I   and the total 
backscattering intensity in response to right-circular-polarized R RC RXI I I   are 







        (5.1) 





Figure 5-4 Schematics of CP-OCT system, red line represents free space optical path, green line 
represents fiber guided optical path (PC: Polarization controller, FC: Fiber coupler, POL: Polarizer, 
QWP: Quarter waveplate, , BS:Beam splitter 
 
5.3.3. CIRCULAR POLARIZATION OCT IMAGE ACQUSITION AND PROCESSING 
Our OCT setup was designed to obtain four circular polarization OCT image stacks in 
sequence.Each image stack consisted of 512 cross-sectional images for a specific 
combination of illumination polarization state and detection polarization selection. 






















 Figure 5-5 Spectrum of SLD Source 




Limited by the scanning speed of the 2D scanning mirror (600Hz typical), the 
acquisition speed for each cross-sectional OCT image was relatively slow. It took 
around 66 seconds to get one image stack and it took 264 seconds for a complete scan. 
The raw OCT image stacks were processed using Matlab to reconstruct the en-
face images in the focal plane. Due to uncompensated system and sample dispersion, 
OCT signal from a single object surface could be distributed to multiple en-face layers. 
These important layers were picked up and averaged to form a single en-face image. In 
addition, each en-face image was smoothed using a 3 x 3 filter operator to reduce the 
speckle noise. The MATLAB processing code for image acquisition and processing are 
discussed in Appendix 6. 
 
5.4. PERFORMANCE VERIFICATION 
With the system that we built, we initially carried out several experiments on samples 
with known polarization properties such as quarter wave plate (QWP). Purpose of 
carrying out these experiments was to validate and refine the polarization settings of our 
system. In this section we present such verification experiments.  
First, we used an 850nm achromatic broadband quarter wave plate as a sample. 
Ideally, the first reflection surface of the QWP should provide only co-component, as it 
is normal reflecting surface. The second surface should provide only cross component, 
as there is a 900, phase shift at the second surface of the QWP. When, the light reflects 
from the second surface it should be only the cross component. This behavior is 
confirmed by the measurements as shown in Figure 5-6, in Figure 5-6 (b), only the cross 
polarized component from the second surface is visible and in Figure 5-6(c), only the 
co-polarized component from the front surface is visible.  










 From the measured results we calculated the phase retardnce . We have used the 
approach mentioned in ( [6]) to calculate the phase retardance. Theoretically, the phase 
retardance from the first surface should have a 00 value and the second surface should 
have 900 value. From Figure 5-8 and Table 5.1 we can clearly see that the measured 
values matches with the theoretical values. This confirms the accuracy of the 
polarization settings in the system.  
 
Figure 5-6 (a) reflection from the two surfaces of  QWP for circularly polarized illumination (Black color 
represents illuminated light, red represents co-polarized component from the front surface and green  
represents cross-polarized component from the back surface (b) Cross-polarized image measured with the 































Figure 5-7 Measured phase retardance, Scale bar represents the measured phase value in degree 
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Table 5.1 Phase retardance of the QWP 
Surface of the QWP Phase retardance (Theoretical) Phase retardance (Experimental) 
Top surface 00 00 
Bottom surface 900 900 
 
 
5.5. CONTRAST ENHANCEMENT WITH CHIRALITY 
SENSITIVE DETECTION 
 
In this section, we present the experimental OCT images obtained with the chiral 
nanoparticle. We obtained the reflectivity for LCP and RCP using our modified system 
and with an approach as discussed previously.  From the measured data, we calculated 
the differential reflectivity values. A discussion on the performance of the contrast 
parameters in terms of their contrast enhancement capability is given. 
5.5.1. PERF ORMANCE PARAMETERS 
In the previous chapters, the normalized difference in reflectivity or CIDS was used as 








,       (5.3) 
After fabrication of the chiral nanoparticles and setting up the circular polarization 
OCT system, we soon discovered that the CIDS-based imaging did not significantly 
improve the sensitivity in the detection of the plasmonic chiral nanoparticles in a turbid 
media. The strong background and the speckles always overwhelmed the weak signal 
from the chiral nanoparticles. Speckle is usually the main source of noise in a coherent 




reflectivity measurement, which degrades the contrast significantly. Variance of the 
speckle noise depends on the DC value of the intensity  [124].  
As most of the light back-reflected from the sample consists of co-polarized 
component, we discovered and defined the circular depolarization ratio (CDR) as a new 






           (5.4) 
Many turbid media, including the biological tissues, manifests very weak 
depolarization in backscattered light. It is the co-polarized component that generally 
dominates the conventional OCT signals and the speckles.   By excluding the co-
polarized component from image formation, the background and the speckles can be 
significantly suppressed while the signal from the chiral nanoparticles is preserved. 
Further contrast is improved by a newly defined parameter circular intensity 







                       (5.5) 
5.5.2. CONTRAST ENHANCEMENT 
In this section, results of effective reduction in the background with the use of chiral 
nanoparticles and modified OCT system are presented. A comparison between noise 
performance between the CIDS and the CIDD. For this purpose, we directly obtained 3-
D image of chiral structure sample with our modified OCT system. We obtained four 
measurements as discussed in the section 3.1. From these four measurements we 
obtained the CIDS and CIDD. Next, we present en-face recordings of these signals from 
the layer containing the nanoparticles.  




In the Figure 5-8(a), we present the total backscattered intensity signal. We can 
clearly see that there is a very strong background signal due to the surface reflection 
from the silicon dioxide layer on which the nanostructures are situated. Figure 5-9(d) 
shows the normalized line profile of the signal extracted from the en-face image for 
LCP illumination on the sample.  Due to the high background signal, it is difficult to see 
the signal from the nanoparticles. When, we take the difference between the images 
obtained with LCP and RCP signals, as discussed in the earlier, we can observe 
significant reduction in the background signal but due to strong speckle variance, the 
chiral nanoparticle signal is not visible the Figure 5-8(d) and Figure 5-8(b).  
As discussed, we can reduce this speckle noise level even further by using the 
CIDD, in Figure 5-8(c), en-face image of the nanoparticles layers obtained with CIDD  
is shown. Line profile for CIDD is in Figure 5-8(d). A significant low background level 
can be seen in the line profiles presented in Figure 5-8(d). Their difference image has 
lower fluctuation due to the speckle noise. It was found that the circular depolarization 
LPDJHV FRXOG DOVR DIIRUGPXFK EHWWHU EDFNJURXQG UHMHFWLRQ WKDQ &,'6 &1¶V FDQ EH
identified from increased ( ILX ) or decreased ( IRX ) intensities in Figures 5-9(a) and 5-
9(b), respectively. The line profile in the Figure 5-9(c), clearly demonstrates significant 
reduction in the background signal. 
 





Figure 5-8 Enface images of the chiral nanoparticle layer obtained from (a) conventional  
OCT signal, (b) CIDS, and (c) CIDD, respectively. (d) Normalized signal intensities along the 




Figure 5-9 Enface images of the chiral nanoparticle layer obtained from (a) I LX and (b) 
IRX . (c) Normalized signal intensities along the lines of the same color are compared with  
the CIDD signal (red). Scale bars: 10 ȝP 
 
 
5.5.3. COMPARISON WITH NANORODS 




To check the performance of our contrast enhancement mechanism, we compared the 
CIDD data of chiral nanoparticles with the CIDD data for normal nanorods. For this 
study, gold nanorods with plasmon resonance wavelength of 850nm were used. The 
solution containing nanorods was kept on the glass slide and cross-polarization images 
for LCP and RCP illumination are obtained. One such cross-polarized image is shown 
in the Figure 5-10(a). The mean value and the standard deviation of normalized 
differential reflectivity of cross-components for the chiral nanoparticles and the normal 
nanorods are calculated. As expected, normal nanorods do not provide strong circular 
polarization dependent differential response. The differential contrast parameter value 
for these nanorods is very small compared to the chiral nanoparticles as shown in the 
Figure 5-10(b)  
5.5.4. TISSUE PHANTOM IMAGING 
Highly scattering objects such as biological sample depolarize the incident light [47]. 
To demonstrate the imaging property of the chiral nanoparticles and its effective 
background rejection mechanism to enhanced contrast in scattering media, we used a 
biological tissue equivalent phantom.  
In the Figure 5-11, a schematic and image of the phantom prepared with a 
Lipofundin solution that has similar optical properties as those of biological tissues is 
 
Figure 5-10 Enface image of normal nanoparticle layers obtained with Cross -polarization  OCT system (b) 
Comparison between CIDD from chiral nanoparticles and normal nanorods 
 




shown [125]. The 1-mm-thick cell was filled with 1% solution of Lipofundin and was 









The nanoparticles are located below the highly scattering Lipofundin solution. 
Cross-polarization images for LCP and RCP illumination were obtained by focusing on 
the nanoparticles. In conventional OCT image, due to strong background signal 
nanoparticles are not visible. In circular depolarization ratio image, PCN are visible as 
shown in Figure 5-12(b). Figure 5-12(a) shows the CIDD image, which demonstrate the 
effective cancellation in the background signal leading to a better contrast.  
 
  
Figure 5-11 Tissue phantom setup 





Figure 5-12 ,PDJLQJ&1¶VWKURXJKWLVVXHSKDQWRPD'HQ-IDFH&,''LPDJHRI&1¶VE  
Intensities of CIDD (red), ILX / IL (green) and IRX / IR (red) measured along the same 









                (5.5).  
:HPDLQO\FRPSDUHGWKH:HEHUFRQWUDVWIRU&'5DQG&,''LPDJHVRI&1¶VDQG
nanorods through the tissue phantom, as illustrated in Figure 5-13. The contrasts for 
conventional OCM and CIDS images were too small to be quantifiable. The normal 
nanorods had almost identical depolarization ratios for left- and right-circularly 
SRODUL]HG LOOXPLQDWLRQ )RU &1¶V OHIW-circularly polarized light provided a slightly 
better contrast than right-circularly polarized light in CDR images. The CIDD contrast 
IRU &1¶V ZDV DERXW  RU  WLPHV KLJKHU WKDQ WKH &'5 FRQWUDVW IRU &1¶V RU
nanorods, respectively.  
 





Figure 5-13 Weber contrast comparison 
 
A significant enhancement in the contrast using the CIDD compared to the normal 
OCT image and the circular depolarization ratio image is observed. Although it is 
slightly lower in value as compared to the measurement without the tissue phantom, it 
still has a significantly higher contrast value compared to the other two methods. 
5.6. CIDD VS NANOROD RESPONSE 
In the previous section, we demonstrated the possibility of significant contrast 
enhancement with the chiral contrast probes. Measurement of circular intensity 
differential depolarization (CIDD) signal effectively rejects background using the 
differential polarization behavior to enhance the contrast. In this section, a comparison 
between contrast enhancement from the chiral nanoparticles and widely used contrast 
probe gold nanorods is provided. The purpose of this study is to demonstrate the 
improved contrast due to chiral behavior.  




For this comparison, we first obtained enhanced contrast images from nanorods 
solution. To enhance contrast from nanorods, we make use of the following facts. Gold 
nanorods provide strong circular depolarization signal due to their asymmetric shape 
 [9,126,127] and the homogenous biological tissue does not have strong circular 
depolarization and most of the backscattered light is co-polarized. Thus, the 
measurement of only cross-polarization signals can provide efficient background 
reduction. This contrast enhancement can also be seen in Figure.5-9 (a) and (b). The 
cross-component signal provides better visibility due to the reduction in the strong 
background signal. 
 Thus, for our comparison, we used nanorods images obtained with the cross-
polarization signals. We used nanorods with plasmon resonance wavelength 
850nm [128]. For acquisition of signals, we used tissue phantom shown in Figure 5-11.  
To demonstrate that the CIDD can provide enhanced contrast even in the case 
when the circular depolarization signal has very poor contrast. In this study, we 
increased the concentration of lipofundin to 2%. This will lead to increase in the 
scattering effect. Multiple scattering leads to depolarization of light [47] [86], so as we 
increase the concentration of the lipofundin, the strength of background signal in the 
cross-polarization increases. Thus, this decreases the contrast in the circular 
depolarization signals.  
In Figure 5-14(a), we provide circular depolarized (cross-polarization) signal of 
gold nanorods placed under 2% lipofundin solution. Figure 5-14(b) has the circular 
depolarized signal (cross-component) of the PCNs. In both figures, the contrast from the 
nanoparticles is very poor due to strong background signals. With the 2% at lipofundin 




solution contrast has decreased compared to circular depolarization signal without any 
scattering medium(Figure 5-9(b) and Figure 5-10(a)).   
Even with such strong background, it is possible to achieve better contrast with 
PCNs using CIDD (Figure 5-14c). We quantified this behavior using the Weber contrast 
parameter as shown Figure 5-14d. In Figure 5-14d, we can see that the even though 
PCNs have very weak contrast in cross-polarization compared to the gold nanorods, but 




5.7. SUMMARY AND CONCLUSION 
In this chapter, we discussed the approach to measure circular polarization dependent 
differential contrast with simple modifications in a conventional OCT system. We 
discussed how the system was implemented by combining components from the 
Figure 5-14 Comparison of Weber contrast for nanorods, PCNs and CIDD image.  (a) Circular 
depolarization signal from gold nanorods, (b) circular depolarization signal from the PCNs (c) CIDD 
signal for PCNs and (d) Weber contrast under different scattering conditions  (Scale bars: 10 ȝP)  




commercial OCT system and additional off the shelf components. We tested the system 
using samples with known polarization property, and could retrieve the polarization 
properties of the known sample to validate the alignment of our system. We carried out 
experiments on our chiral nanoparticles.  
We can clearly see that our system along with chiral nanoparticles can provide 
better background rejection. This leads to better visibility of the nanoparticles. This 
translates into improved sensitivity. Compared to the contrast parameter defined in 
Chapter 3, the new parameter based on the cross-polarization signal provides better 
contrast. We demonstrated possibility of imaging a single chiral nanoparticles in the 
highly scattering medium with the use of circular polarization sensitive OCT and CIDD. 
  
C H APT ER 6 . D ARK F I E L D C IRC U LAR 
D E P O LARIZAT I O N O C M SYST E M 
In previous chapters, we discussed contrast enhancement using chiral nanoparticles. We 
also discussed that manufacturing chiral nanoparticles takes significant effort. Gold 
nanorods, on the other hand, are easy to fabricate using chemical methods, but they 
suffer from poor signal to background ratio when used in OCT for molecular imaging 
application. In this chapter, we discuss techniques that can deliver enhanced contrast 
using gold nanorods. We explore the potential of using dark-field optical coherence 
microscopy (OCM) system to enhance contrast from nanoparticles. We also discuss the 
combined use of polarization sensitive and dark field detection for contrast 
enhancement. Through experimental results, we demonstrate significant reduction in the 
background signal leading to improvement in the signal to background ratio.  
6.1 INTRODUCTION  
Optical coherence microscopy is a powerful imaging method with advantages in terms 
of imaging depth, resolution and sensitivity  [129]. Because of these advantages OCM is 
a widely used imaging method for various applications [130,131]. OCM is essentially a 




structural imaging modality. Various contrast agents for OCM are developed to extend 
its application into molecular imaging [3,74]. Among them, gold nanoparticles are 
widely used molecular contrast probes as gold nanoparticles provide tunable high 
scattering/absorption cross section due to plasmon resonance and they are biologically 
inert  [13,69]. Because of these advantages gold nanoparticles are widely used 
molecular contrast probes in optical imaging methods  [72,132,133].  
The problem with conventional contrast mechanism lies in the difficulty of 
differentiating the signal arising from gold nanoparticles and the background from the 
surrounding tissue. Consequently, a fairly high concentration of gold nanoparticles is 
required for achieving an adequate contrast. Another issue of OCM is related to the 
strong reflection from a cover slip on which biological samples are prepared. Even a 
minor difference in the refractive index between the sample and the flat interfaces may 
result in a strong reflection of the incident light. This strong specular reflection, coupled 
with the limited dynamic range of OCM, makes it very difficult to detect the extremely 
weak scattering signals from nanoparticles  [85]. 
As discussed in earlier chapter, to overcome the poor contrast associated with 
conventional contrast mode of OCM, various groups have developed contrast 
mechanisms with differentiable property compared to background 
tissue [17,76,78,89,134]. These differentiable behaviors allow effective suppression of 
background, leading to enhanced contrast and sensitivity. Differentiable polarization 
response is one of the effective mechanisms for contrast enhancement.  
In optical microscopy, other polarization based sensitivity enhancement methods 
make use of the fact that asymmetric nanoparticles are known to provide strong 
depolarization and many biological tissues have weak ballistic depolarization [59,87]. A 




method was proposed to efficiently reduce the background by detecting the strong 
depolarized light originating from asymmetric nanoparticles [80]. Contrast enhancement 
was demonstrated using this approach experimentally.   
To overcome the issue of the dynamic range imposed by strong reflection from 
flat surface, dark field detection for OCM was proposed. Improvement in the detection 
of weak signals has been reported by this method [85]. Other than specular reflection 
rejection, the dark field method is also known to provide improved lateral resolution. 
This improvement is due to the fact that the dark-field illumination and detection 
aperture allows the passage of higher spatial frequencies compared to the bright field 
illumination and detection  [85,135,136].  
In this chapter, we present a dark-field circular depolarization OCM system, 
which is designed to enhance the sensitivity of gold nanorods in biological tissues, 
particularly when the tissue is mounted on a glass slide. The principle idea relies on the 
fact that the detection of only depolarized signal can efficiently reduce the background 
signal. With the reduction in the background level it is possible to detect gold nanorods 
at a very small concentration. The implementation of dark field circular depolarization 
sensitive OCM setup is described in Section 6.2. Experimental images of gold nanorods 
in a tissue phantom and in cells are presented in Section 6.3 to demonstrate efficient 
background reduction leading to enhancement in contrast and sensitivity.  The summary 
and conclusions are given in the section 6.4. 
6.2. SYSTEM DESIGN 
6.2.1. DARK F IELD CIRCULAR DEPOLARIZATION SETUP 
 
 




In this section, we first describe the implementation of dark-field detection in an OCM 
setup followed by the description of a circular depolarization sensitive detection 
mechanism. Dark-field method achieves the strong background rejection by using 
special illumination and a detection setup  [132,136,137] that rejects the strong specular 
reflection from the sample and the glass slide.  
Dark-field OCM setup was proposed by Villigear et al. [85] in 2010. They used a 
Bessel beam illumination to implement the dark-field setup. We have implemented a 
dark field OCM using a simpler approach but with two half-moon shaped aperture 
stops. One stop (Stop1) is inserted into the source arm to obtain oblique illumination 
and the other stop (Stop 2) is in the detector arm to block the specular reflection. The 
inset in the Figure 6-1 shows the transmittance recorded with a camera at stop 1 and 




Figure 6-1 Configuration for DF circular depolarization sensitive OCM (BS1, BS2: Beam Splitter; 
RM1, RM2: Reflective Mirror; SLD: Super-Luminescent Diode; QWP: Quarter wave plate; HWP: Half 
wave plate) 
 
The schematic of our OCM system is shown in Figure 6-1, where the illumination 
was provided by a SLD (InPhenix Inc., maximum power: 11mW, the full width at half-




maximum bandwidth of 49nm centered at 842nm) and the full width half maximum 
waist size of the source beam emitting from the collimator is around 2mm. For easier 
alignment of the stops a 3x beam expander is used to increase the beam waist size. BS1 
divides this light into reference arm and the sample arm. Two reference mirrors (RM1 
and RM2) on a linear translational stage form the reference arm. In this setup, the 
reference arm light and backscattered light from the sample arm interfere at BS2. A 2D 
scanning mirror from Newport with a large reflective surface (1 inch diameter) is used 
for scanning in the sample arm. The A-scan rate is 600Hz limited by this 2D scanner. A 
free space 40x (NA=0.6) objective lens is used to focus light on the sample. A fiber 
collimator collects the interference signal. A spectrometer with wavelength detection 
range from 804.8nm to 875nm at the steps of 0.068nm is used to detect the interference 
signal. Further post processing in computer is conducted to generate A-Scan signal from 
the measured spectral information.  
Combination of a quarter wave plate (QWP) and a half wave plate (HWP) in the 
proposed scheme help to convert the dark-field setup into a dark-field polarization 
sensitive setup. By orienting the QWP at 45o with respect to the source polarization, we 
can generate circularly polarized incident light on the sample. HWP in the reference arm 
allows us to select the cross- and co-polarization components. When the HWP is at 0o 
with respect to the source polarization, the cross-polarization component is detected. 
When the HWP is oriented along 45o, the co-polarization signal is detected. The 
definition and terminology for co- and cross-polarization is same as in the  [50].  
With 120µW power incident on the sample and a calibrated attenuation of 36.6dB 
in the sample arm, along with a 14dB of calibrated reflection, the system has SNR value 
of 97.2dB. The lateral resolution of the system is 2.2µm.  




6.2.2. GOLD NANOROD AND TISSUE PHANTOM SETUP 
To demonstrate the effectiveness of our approach in a tissue like scattering 
environment, we first imaged the gold nanorods in a thick tissue-mimicking phantom 
setup. The phantom structure is shown in Figure 6-2 (a). The setup consists of 1% 
Lipofundin solution which mimics the scattering property of the soft biological 
tissues [138]. The scattering effect of the solution is in Figure 6-2 (b). This solution is 
mixed with commercially available gold nanorod solution with a concentration of 
0.5nM. The gold nanorods have a plasmon resonance peak around 850nm [128]. The 




Figure 6-2 Tissue phantom setup (a) Schematic and (b) Photo of the setup  
 
6.2.3. CELLULAR IMAGING WITH GOLD NANORODS 
Melanoma carcinoma cells were seeded onto cover slips placed in 6-well culture plates 
at a seeding density of 1x104 cells/cm2 at least 24 hours before dosing with nanorods. 
The cells were cultured in DMEM culture medium with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin at 37°C under a 5% CO2 atmosphere.  
The commercially purchased gold nanorods stabilized with 
cetyltrimethylammonium bromide (CTAB) were unstable in culture medium and would 
aggregate immediately upon introduction into medium. To ensure that they remain 




colloidallly stable in culture medium, the nanorods were coated with human serum. To 
achieve this, the nanorod solution was first centrifuged at 8000 rpm for 10 min to obtain 
the nanorods as a pellet. The nanorods were then resuspended in sterile-filtered human 
serum and incubated at 37°C overnight to allow a stabilizing coating of serum to form 
around the nanorods. The nanorods were then spun down again at 6000 rpm for 10 min 
before resuspension in culture medium at a concentration of 0.85nM.  
Cells were then dosed with gold nanorods by aspirating the normal culture 
medium from the wells, and replacing it with the culture medium containing 0.85nM 
gold nanorods. The cells were then incubated for 6 hours at 37°C under a 5% CO2 
atmosphere to allow intracellular uptake of gold nanorods. Following the incubation, 
cells were washed thoroughly three times with PBS. The seeded cells were then 
transferred onto glass slide for imaging.  
A separate negative control was also prepared by incubating the cells in culture 
medium without nanorods. The cells were similarly washed thrice with PBS and the 
cover slips transferred onto a glass slide for imaging. 
6.3. RESULTS AND DISCUSSION 
To experimentally demonstrate efficient background rejection and contrast 
enhancement, we first imaged the nanorods mixed in the thick highly scattering tissue-
mimicking phantom. Next, the nanorods were loaded in melanoma carcinoma cells and 
in-vitro images were obtained.  
6.3.1. GOLD NANORODS IN A TISSUE PHANTOM 
Nanorods in the tissue phantom setup were imaged in four different OCM 
configurations:  (i) Bright Field OCM (BF), which is the configuration in which most 
conventional OCM operates. This OCM configuration does not have dark-field or 




polarization sensitive rejection mechanisms. (ii) Bright field circular depolarization 
OCM (DP), this configuration has polarizing elements to reject co-polarized signal 
which is the major source of the background signal. (iii) Dark-field setup (DF), with 
dark-field illumination and a stop that is able to reject specular reflections from the 
sample, and (iv) Dark-field circular depolarization sensitive OCM (DF+DP), this 
configuration has both dark-field and polarization sensitive detection mechanism, to 
reject the strong background signal. The sample was placed on axial translational stage 
so that it is possible to focus at different axial depth in the sample. Enface layer that 
contains the nanoparticles is extracted from the image data. The enface image data is 
plotted in gray scale images, where the brightness indicates the signal strength in dB. 
Figure 6-3 a, b, and c are the enface images obtained with the bright field OCM 
setup at depths Z=0mm (The bottom surface of the coverslip), Z=0.5mm (Inside the 
Lipofundin solution), and Z=1.3mm (The bottom surface of the glass channel). In these 
images, it is difficult to locate the signal from the gold nanoparticles due to the strong 
background arising from the specular reflection as well as backscattered light from the 
Lipofundin solution. Figure 6-3 d, e, and f show the enface images obtained with the 
bright field circular depolarization sensitive OCM. As this method rejects the co-
polarized components that have the majority of the background signal, there is a 
significant reduction in the background compared to the bright field OCM. Since the 
nanorods have strong circular depolarization signals, they can be seen with high contrast 
and sensitivity. Figure 6-3g, h, and i are the dark field images, again there is a strong 
reduction in the background as the dark field method rejects the extremely strong 
specular reflection.  Figure 6-3j, k, and l show the dark field circular depolarization 
images. As it combines both background rejection mechanisms, it gives the best 
background reduction among the four methods.  





Figure 6-3.  En-face images of the tissue phantom at different depths (0 mm, 0.5mm, and 1.3mm). BF= 
Bright field setup, DP= Depolarization setup, DF= Dark-field setup, DP+DF= Depolarization and 
Darkfield setup. The grayscale bar indicates signal strength in dB , Scale bar= 20Pm. 
 
The intensity fluctuation along the line profile is plotted in  
Figure 6-4. The line profile regions are indicated in Figure 6-3 (b, e and k). From 
the results it can be seen that for a signal coming from a depth around 500Pm in a 
highly scattering environment, there is around 15dB reduction in the background signal 
with the circular depolarization measurement compared to the BF setup. With the 
addition of dark field illumination and detection along with the depolarization 
measurement there is around 20dB reduction in the background signal compared to the 
BF setup. With this background reduction and with the fact that the nanorods have 




strong circular depolarization signal, it is possible to see the signal from the nanorods 
that is not visible in the BF setup.  
 
 
Figure 6-4. Intensity fluctuation along in the line profile region identified in the Figure 6-3, for the BF, 
DF and DP+DF measurement setup 
 
6.3.2. CELLULAR IMAGING 
It is evident from the results of tissue phantom imaging that there is a significant 
improvement in signal to noise ratio with dark field circular depolarization OCM. This 
is mainly attributed to significant reduction in the background signal. We next apply 
this technique to cellular imaging to demonstrate improved contrast for gold nanorods. 
Melanoma carcinoma cells were dosed with gold nanorods (NP Cells) and imaged in the 
same manner as the tissue phantoms (Figure 6-5).  
Under bright field imaging, the en-face images show that the signal from the cells 
mounted on glass slide is barely discernible from the strong background signal (Figure 
6-5 a and d). This is true for both NP cells and negative control cells without any gold 
nanorods (-ve Control Cells). The cells become more discernible under dark field 
illumination and detection. There is a reduction in the background level of up to 25dB, 
which shows a clearer cell boundary (Figure 6-5 b and e, blue dotted square). However, 
as the various cellular organelles such as mitochondria and cell nucleus also exhibit 




strong optical scattering, they interfere with the dark field signal from the gold nanorods 
(Figure 6-5b). 
These background signals from the cellular and sub-cellular structures can be 
further eliminated with polarization detection (Figure 6-5f) to show only the signal 
arising from the gold nanorods in cells (Figure 6-5c). In this case, the ±ve Control Cells 
shows negligible background signal in the absence of gold nanorods. With this 
technique, it is possible to determine the specific localization of the gold nanorods in 
cells with negligible background interference.  
We plotted the intensity fluctuation profile (red dotted line) along a selected 
region in the cellular image in Figure 6-5 to illustrate the difference in the signal level 
(Figure 6-6). It is clear that the dark field mode (red lines) show a significant reduction 
of up to 25dB in the background signal compared to bright field mode (black lines). 
Furthermore, with the inclusion of circular depolarization in dark field mode OCM, we 
are able to clearly differentiate the signal level in the presence of gold nanorods (red 
solid lines) versus the absence of gold nanorods (red dotted lines). It is possible to 
identify the back-scattered signal from gold nanorods with more than 10dB SNR in 
vitro. This difference is much less significant in bright field mode with gold nanorods 
(black solid lines) against the absence of gold nanorods (black dotted line). The specific 
contrast images arising from gold nanorods under dark field circular depolarization 
sensitive OCM could potentially be superimposed onto regular dark field images of 
cells to allow better visualization of the localization of these nanoparticles in cells for in 
vitro imaging experiments. 





Figure 6-5.  En-face image of the cells obtained with BF=Bright field, DF=Dark field, DF+DP=Dark 
field + depolarization OCM setups, Scale bar = 10Pm. The grayscale level indicates signal strength in 
dB 
 
Figure 6-6. Intensity fluctuation along in the line profile region identified in the Figure 6-5., for the 
BF, DF and DP+DF measurement setup 
 
 




6.4. SUMMARY AND CONCLUSION 
In summary, we have demonstrated that dark-field cross-polarization OCM can be setup 
efficiently using a simple implementation configuration. This method effectively 
reduces the background signals and provides enhancement in contrast from asymmetric 
nanoparticles such as gold nanorods. This method can potentially be used for high 
sensitive molecular detection with a simple modification in an OCM system.  
  
CHAPTER 7. SU MMARY ,  C O N C L USI O N AN D F U T URE 
WORK  
7.1. SUMMARY 
During the course of thesis research, we have developed several novel polarizations 
sensitive approaches for contrast enhancement. The work was mainly focused on 
contrast enhancement using optical coherence tomography.  OCT has a great potential 
for biological applications, but its application in molecular imaging is hindered by poor 
sensitivity of available contrast agents. Our proposed contrast agents and approaches 
can effectively overcome the problem of poor sensitivity.  
One of the reasons for poor sensitivity lies in the fact that it is difficult to 
differentiate signal of gold nanoparticle based contrast agents from the background 
signal. We proposed to use polarization approaches to effectively reject background 
signals. In the following, we summarize different approaches presented in the thesis: 
One approach is based on use of the property of chirality. It is well-known fact 
that biological tissue does not provide chiral response at near infrared wavelength. We 
proposed to use chiral nanostructure as a contrast agent. In chapter 3, using numerical 




simulation we demonstrated two types of nano geometries that can provide chiral 
response. Along with chiral response, they also resonate at operating wavelengths 
typically used in OCT. We quantified the performance of the nanostructures using 
numerical simulations.  
In chapter 4, we described fabrication approach for chiral nanostructure. We 
presented detailed fabrication steps and tests carried out to verify the results of the 
fabrication process.  
To utilize the signal provided by the chiral contrast agents, we need to modify 
the conventional OCT system. In chapter 5, we discussed the appropriate modifications. 
We also provided the test results to demonstrate the effectiveness of the modifications. 
Using the polarization sensitive detection, we imaged chiral nanoparticles that 
demonstrated strong background rejection.  
In chapter 5, we also discussed the use of cross-polarization detection scheme 
for effective background rejection. This method can also work with other asymmetric 
nanoparticles.  
In chapter 6, we discussed circular depolarization dark-field coherence imaging 
method for effective background rejection. We discussed use of such method along with 
nanoparticle contrast agents for molecular imaging application. We discussed the 
implementation approach and system design of dark-field method. We have also 
provided experimental images from the dark-field system.  
7.2. CONCLUSION 
There is a strong need for imaging probes that can provide adequate contrasts with 
OCT/OCM. Such probes can be useful in high-sensitivity molecular imaging in highly 
scattering biological tissues. Conventional probes suffer from poor contrast and low 




sensitivity, as it is quite hard to effectively differentiate the signal of the probe from the 
background.  
We have discovered an extremely high-sensitivity contrast mechanism for 
molecular OCT/OCM. Our contrast mechanism used differential polarization response 
originated due to its chiral structure, to effectively reduce the background signal. Our 
experimental results have clearly demonstrated the feasibility of imaging single 
nanoparticles in thick scattering media by the use of a circular optical coherence 
microscopy system.  
The proposed dual rod structure is difficult to fabricate for biological applications. 
Design of a chiral structure that can be fabricated with chemical method is necessary. 
Plasmonic DNA nanohelical structure is one such chiral structure discussed in the 
thesis.  
Dark-field OCT along with the circular depolarization mechanism greatly 
enhances the contrast from normal gold nanorods structures. Gold nanorods are widely 
used contrast probes for biological applications. We demonstrated with simple 
modifications converts a conventional OCT system into a dark-field depolarized OCT 
system.  
7.3. FUTURE WORK 
So far, the work has been carried out using chiral nanoparticles regularly arranged on a 
substrate. In future, we intend to design nanoparticles in a solution, so that they can be 
injected in a biological specimen. This will allow us to characterize the chirality 
sensitive detection in a real biological sample.  
Economical and high yield fabrication is the key point for any contrast probes. 
Our dual rod structure contrast fabrication is expensive and yield is limited. To improve 




upon this we are working on different chemical approaches that may allow us to 
fabricate the nanoparticles in a solution with high yield. As a first step, we are working 
on the helical nanoparticles, whose chemical fabrication is described in  [77] .  
The second area of work is the improvement of axial resolution. The axial 
resolution is dependent on the bandwidth of a low coherence source. To pursue this 
direction, we acquired a broadband femtosecond laser source, which has higher 
bandwidth compared to our current SLD source. This high bandwidth results into 
significant improvement in the axial resolution.  
Other major potential advantage of a broadband source is that it becomes possible 
to do highly efficient spectroscopic measurement. Spectroscopic measurement can 
allow us to distinguish the signal of nanoparticles based on their spectrum. If we have 
two nanoparticles with different Plasmon resonance profile, spectroscopic method 
allows us to differentiate the nanoparticles signals. Use of spectroscopic method with 
our cross-polarization will permit multi-channel molecular imaging using optical 
coherence tomography method. This will potentially lead to multimolecular imaging 
capability with OCT.  
  
APP E N D IX 1 :  P O LARIZ E D L I G H T C O NV E NTI O NS IN 
T H E  T HSIS 
In different fields conventions of LCP and RCP waves are interchangeably used. Here I 
summarized the conventions of the polarization used in the thesis. 
In all the analysis, incident light is considered as propagating along the +z 
direction. For the EM wave propagating along the +z axis, LCP and RCP EM waves 
unit vectors are 
,
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For incident light along the +z direction, the backscattered light propagates along 
±z direction. For the EM wave propagating along the -z axis, LCP and RCP EM waves 
unit vectors are 
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Cross	  and	  co	  polarized	  components:	  In	   the	  analysis	  we	  directly	  obtain	  only	   the	  x	  and	  y	  polarized	  E	   field	  components.	  Following	  equations	  are	  used	  to	  convert	  them	  into	  various	  polarization	  states.	  	  Any	  EM	  wave	  can	  be	  represented	  as	  superposition	  of	  two	  orthogonal	  components.	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Solving the above equation, we obtain: 
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For LCP illumination the LCPE  is the cross component and RCPE  is the co-polarized 











APP E N D IX 2 :  Q U ALITAT IV E  SC ATT E RIN G M O D E L 
F OR D U AL RO D STRU C T URE 
In this appendix we have discussed implementation of a general purpose MATLAB 
code based on analytical model assumptions.  
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For the above induced dipole moment the back-scattered electric field along the x 
and y axis will have strength given by following equations: 
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Using	  the	  fact	  that	  LCP	  and	  RCP	  can	  be	  represented	  as	  superposition	  of	  two	  orthogonally	   linearly	  polarized	   light,	   for	  example	   for	  unity	  amplitude	   signal,	   LCP	  
can	   be	   represented	   as:	  
2
x yie e 	   and	   RCP	   can	   be	   represented	   as:	   2x yie e ,	   We	  obtained	  LCP	  and	  RCP	  response	  from	  the	  x	  and	  y	  response.	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For the assembly of two nanorods separated by distance d  and incident light 
wavenumber k  , Following equation can be used to obtain the collective response. In 
this analysis EM coupling between two nanorod is neglected. Simillar method is widely 






















Here	   1 1,LCPscattered RCPscatteredE E is	   the	   response	   from	   the	   nanorod	   1,	   and	  
2 2,LCPscattered RCPscatteredE E is	  the	  response	  from	  the	  nanorod	  2.	  	  As	  we	  are	  mainly	   interested	   in	  comparative	  difference	   in	   the	  backscattered	  signal	  strength	  for	  LCP	  and	  RCP	  illumination.	  For	  both	  RCP	  and	  LCP	  illumination,	  the	   proportionality	   factor	   is	   same,	   so	   in	   the	   MATLAB	   code	   we	   have	   taken	   it	   as	  unity.	   Thus,	   the	   absolute	   value	   does	   not	   have	   physical	   meaning,	   but	   the	   value	  obtained	  with	   this	   code	   can	  be	  used	   for	   comparative	   response	  between	  LCP	  and	  RCP.	  	  We	  have	  calculated	  scattered	  field	  intensity	  for	  LCP	  and	  RCP	  light,	  we	  used	  it	  to	  calculate	  CIDS	  and	  CIDD.	  	  For	  CIDD	  calculation.	  	  
Following MATLAB code is the implementation of the analytical method: 
---------------------------------------------------------------------------------------------------------- 
clear  
phi=[0]*pi/180;;  %%Angle  between  the  long  axis  of  rod  1  and  x  axis,  
clockwise    
%  theta=[0:10:180]*pi/180;;  %%Angle  between  the  long  axis  of  rod  1  and  
z  axis,  clockwise  










%%%Incident  light  is  x-­polarized  













%%%Incident  light  is  Y-­polarized  










%If  the  incident  field  is  LCP,  it  is  superposition  like  x-­iy  















%If  the  incident  field  is  RLCP,  it  is  superposition  like  x+iy  















if  sum(It_RCP(:,n,m))==0  &&  sum(It_LCP(:,n,m))==0;;  
        It_LCP(:,n,m)=1;;  


























































ylabel('Backscattered  Intensities  (a.u.)');;  








APP E N D IX 3 :  F D T D AN D L U M ERI C AL C O D E 
  
Finite Difference Time Domain (FDTD) is a widely used method to characterize 
electromagnetic or optical response from a structure [139,140]. In this appendix, I have 
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Where, H , E and D are the magnetic, electric and displacement fields respectively. 
H r is the complex relative dielectric constant of a medium. For the simulation, space is 
divided into discrete co-ordinate system consisting of YEE cells [139]. YEE cell allows, 
)'7'PHWKRG WRZULWH WKH0D[ZHOO¶V HTXDWLRQ LQ D GLVFUHWH GLIIHUHQFH IRUP ,W XVHV
time leapfrog approach to solve the difference equations  [139,141] to obtain the field 





In FDTD simulation, relative permittivity is used to model material. In our 
simulation following material properties are used : 
Water: H r  1.75 , Silicon dioxide: H r  2.12  (Ideal case in Chapter 3), 
H r  2.15 (Fabricated structure property, In chapter 4). Gold is a dispersive medium, 
which means that its permittivity is a function of wavelength. The gold relative 
permittivity used is shown in the Figure A2. In FDTD, Lorentz-Drude equation is used 
to model such dispersive response [142]. 
 Total Field Scattering Field (TFSF) approach was initially developed to study 
scattering property of antennas  [143,144]. Similar approach has also been used to study 
the scattering from plasmonic nanostructures at optical wavelength  [112,145,146]. 
 A typical TFSF simulation setup contains two regions as shown in the Figure A3. 
In the total field region a linearly polarized Gaussian time domain pulse is injected. 
FDTD algorithm calculates the time domain field values. The field values in the total 
field region are the superposition of the scattered field and the source field. The 
scattered field region consists only scattered field from the structure under study.  





A proper truncation of the simulation region is necessary. A Perfectly Matched 
Layer (PML) is necessary to attenuate the scattered field values without causing any 
unwanted back reflection [147,148].  
  
In our study, we used LUMERICAL FDTD Solver to calculate the field values in 
the backscattered direction. The LUMERICAL transforms the time domain data into the 
frequency domain data. These stored values are near field values, for scattering study 
we need to transform it into far-field values. LUMERICAL used near-field to far-field 
transform to do the transformations. The following LUMERICAL code is used to 











#  Choose  which  of  the  3  possible  analysis  you  want  to  do  
do_cross_sections  =  1;;        #  set  0  to  not  perform  this  test,  
1  to  perform  the  test  
do_far_field1  =  0;;                  #  set  0  to  not  perform  this  test,  
1  to  perform  the  test  
do_far_field2  =  1;;                  #  set  0  to  not  perform  this  test,  
1  to  perform  the  test  
do_field_enhancement  =  0;;  #  set  0  to  not  perform  this  test,  
1  to  perform  the  test  
do_far_field  =  0;;                  #  set  0  to  not  perform  this  test,  
1  to  perform  the  test  
?msg="Starting  mie  scattering  tests";;  
number_p=2;;  
number=1;;  
alpha=360;;  #Rotation  along  x-­axis  
beta=360;;  #Rotation  along  y-­axis  
gama=180;;  #Rotation  along  z-­axis  
sp_r=(760*10^-­9)/8;;  
  
sp=matrix(number);;  #  Number  of  possible  orientations  
sp_a=  matrix(number);;  #values  of  alpha  in  the  simulation  
sp_b=  matrix(number);;  #values  of  gama  in  the  simulation  
sp_c=  matrix(number);;  #values  of  gama  in  the  simulation  










#########  x  polarization  
for  (space=1:number){  
switchtolayout;;  























    #   collect   data   on   wavelength   range,   radius   and   source  
dimensions  
    f=getdata("scattered_y2","freqDFT");;            #  get  freqency  
data  
    lambda=c/f;;                                                            #  convert  to  
wavelength  
  
    structures;;  
    selectall;;  
    #x  =  get("x  span");;  #  the  radius  of  the  mie  particle  
    #y  =  get("y  span");;  
    source_area=getdata("source1","area");;  
    spower=sourcepower_avg;;  
  
    #   Calculate   power   flowing   outwards   in   the   scattered  
region,transmission   gives   amount   of   power   flowing   outword  
normalized  to  the  source  power  
    #  Note  minus  signs  for  power  flowing  "outward".  
    Px1  =    -­transmission("scattered_x1");;  
    Px2  =      transmission("scattered_x2");;  
    Py1  =    -­transmission("scattered_y1");;  
    Py2  =      transmission("scattered_y2");;  
    Pz1  =    -­transmission("scattered_z1");;  
    Pz2  =      transmission("scattered_z2");;  
  
    #  Calculate  total  power  flowing  outwards.  
    Pscat  =  Px1  +  Px2  +  Py1  +  Py2  +  Pz1  +  Pz2;;  
  
    #  Calculate  scattering  cross-­section  
    sigmascat  =  Pscat*source_area;;  
    Qscat  =  sigmascat;;  
  
    #  Calculate  power  flowing  outwards  in  each  direction  in    
    #  total  field  region.    
    #  Note  minus  signs  for  power  flowing  "outwards".  
    #Px1  =    -­transmission("total_x1");;  
    #Px2  =      transmission("total_x2");;  
    #Py1  =    -­transmission("total_y1");;  
    #Py2  =      transmission("total_y2");;  
    #Pz1  =    -­transmission("total_z1");;  
    #Pz2  =      transmission("total_z2");;  
  
    #   Calculate   total   power   flowing   "inwards"   in   the   total  
field  region  
    #Pabs  =  -­(  Px1  +  Px2  +  Py1  +  Py2  +  Pz1  +  Pz2);;  
  
    #  Calculate  absorption  cross-­section  
    #sigmaabs=Pabs*source_area;;  
    #Qabs=sigmaabs/(pi*r^2);;  
  
    #  calculate  the  size  parameter  
    #size_parameter  =  2*pi*r/lambda;;  
  
    lambda=lambda*10^9;;      





  #   plot(lambda,Qscat,"Lambda(nm)","Scattering   cross  
section","Scattering  cross  section");;  
  #  legend("FDTD","Mie  theory");;  
  #   plot(lambda,Qabs,"Lambda(nm)","Absorption   cross  
section","Absorption  cross  section");;  
  #  legend("FDTD","Mie  theory");;  
      filename="tworodcsx_"+num2str(space);;  
    savedata(filename,lambda,Qscat,Pscat,spower);;  




  ?"    Calculating  cross  section  in  the  back  scattered  field";;  
    #  define  the  angular  resolution  
    phi  =  0;;  
    theta  =  180;;  
    f=getdata("scattered_y2","freqDFT");;            #  get  freqency  
data  
    lambda=c/f;;    
    n=1;;  
    E2  =    matrix(length(f),length(phi)*length(theta));;  
    E2x_x  =  matrix(length(f),length(phi)*length(theta));;  
    E2y_x  =  matrix(length(f),length(phi)*length(theta));;  
    E2z_x  =  matrix(length(f),length(phi)*length(theta));;  
    x=matrix(length(phi)*length(theta));;  
    y=x;;  
    z=x;;  
    m=1;;  
    for  (ind1=1:length(phi)){  
  for  (ind2=1:length(theta)){    
                         x(m)=  
sin(theta(ind2)*pi/180)*cos(phi(ind1)*pi/180);;  
                         y(m)=  
sin(theta(ind2)*pi/180)*sin(phi(ind1)*pi/180);;  
                              z(m)=cos(theta(ind2)*pi/180);;  
                         m=m+1;;  
                     }  
              }  
  
    for  (n=1:length(f))  {  
               E   =   -­farfieldexact("scattered_x1",x,y,z,n)   +  
farfieldexact("scattered_x2",x,y,z,n)  
                        -­farfieldexact("scattered_y1",x,y,z,n)   +  
farfieldexact("scattered_y2",x,y,z,n)  
                        -­farfieldexact("scattered_z1",x,y,z,n)   +  
farfieldexact("scattered_z2",x,y,z,n);;  
            
          E3  =  sum(abs(E)^2,2);;  #  E2  =  |Ex|^2  +  |Ey|^2  +  |Ez|^2  
          E2(n,1:length(phi)*length(theta))=E3;;  
          
E2x_x(n,1:length(phi)*length(theta))=(E(1:length(phi)*length(the
ta),1));;  







          
E2z_x(n,1:length(phi)*length(theta))=(E(1:length(phi)*length(the
ta),3));;  




    filename="tworoddatax_"+num2str(space);;  
    savedata(filename,E2,E2x_x,E2y_x,E2z_x,phi,theta);;  















    ?"    Calculating  scattering  and  absorption  cross  sections";;  
  
    #   collect   data   on   wavelength   range,   radius   and   source  
dimensions  
    f=getdata("scattered_y2","freqDFT");;            #  get  freqency  
data  
    lambda=c/f;;                                                            #  convert  to  
wavelength  
  
    structures;;  
    selectall;;  
    #x  =  get("x  span");;  #  the  radius  of  the  mie  particle  
    #y  =  get("y  span");;  
    source_area=getdata("source1","area");;  
    spower=sourcepower_avg;;  
    #   Calculate   power   flowing   outwards   in   the   scattered  
region,transmission   gives   amount   of   power   flowing   outword  
normalized  to  the  source  power  
    #  Note  minus  signs  for  power  flowing  "outward".  
    Px1  =    -­transmission("scattered_x1");;  
    Px2  =      transmission("scattered_x2");;  
    Py1  =    -­transmission("scattered_y1");;  
    Py2  =      transmission("scattered_y2");;  
    Pz1  =    -­transmission("scattered_z1");;  
    Pz2  =      transmission("scattered_z2");;  
  
    #  Calculate  total  power  flowing  outwards.  
    Pscat  =  Px1  +  Px2  +  Py1  +  Py2  +  Pz1  +  Pz2;;  
  
    #  Calculate  scattering  cross-­section  
    sigmascat  =  Pscat*source_area;;  






    #  Calculate  power  flowing  outwards  in  each  direction  in    
    #  total  field  region.    
    #  Note  minus  signs  for  power  flowing  "outwards".  
    #Px1  =    -­transmission("total_x1");;  
    #Px2  =      transmission("total_x2");;  
    #Py1  =    -­transmission("total_y1");;  
    #Py2  =      transmission("total_y2");;  
    #Pz1  =    -­transmission("total_z1");;  
    #Pz2  =      transmission("total_z2");;  
  
    #   Calculate   total   power   flowing   "inwards"   in   the   total  
field  region  
    #Pabs  =  -­(  Px1  +  Px2  +  Py1  +  Py2  +  Pz1  +  Pz2);;  
  
    #  Calculate  absorption  cross-­section  
    #sigmaabs=Pabs*source_area;;  
    #Qabs=sigmaabs/(pi*r^2);;  
  
    #  calculate  the  size  parameter  
    #size_parameter  =  2*pi*r/lambda;;  
  
    lambda=lambda*10^9;;      
    #  Plot  results  
    plot(lambda,Qscat,"Lambda(nm)","Scattering   cross  
section","Scattering  cross  section");;  
  #  legend("FDTD","Mie  theory");;  
  #   plot(lambda,Qabs,"Lambda(nm)","Absorption   cross  
section","Absorption  cross  section");;  
  #  legend("FDTD","Mie  theory");;  
      filename="tworodcsy_"+num2str(space);;  
    savedata(filename,lambda,Qscat,Pscat,spower);;  






    ?"      Calculating   cross   section   in   the   back   scattered  
field";;  
    #  define  the  angular  resolution  
    phi  =  0;;  
    theta  =  180;;  
    f=getdata("scattered_y2","freqDFT");;            #  get  freqency  
data  
    lambda=c/f;;    
    n=1;;  
    E2  =    matrix(length(f),length(phi)*length(theta));;  
    E2x_y  =  matrix(length(f),length(phi)*length(theta));;  
    E2y_y  =  matrix(length(f),length(phi)*length(theta));;  
    E2z_y  =  matrix(length(f),length(phi)*length(theta));;  
    x=matrix(length(phi)*length(theta));;  
    y=x;;  
    z=x;;  
    m=1;;  





  for  (ind2=1:length(theta)){    
                         x(m)=  
sin(theta(ind2)*pi/180)*cos(phi(ind1)*pi/180);;  
                         y(m)=  
sin(theta(ind2)*pi/180)*sin(phi(ind1)*pi/180);;  
                              z(m)=cos(theta(ind2)*pi/180);;  
                         m=m+1;;  
                     }  
              }  
    for  (n=1:length(f))  {  
               E   =   -­farfieldexact("scattered_x1",x,y,z,n)   +  
farfieldexact("scattered_x2",x,y,z,n)  
                        -­farfieldexact("scattered_y1",x,y,z,n)   +  
farfieldexact("scattered_y2",x,y,z,n)  
                        -­farfieldexact("scattered_z1",x,y,z,n)   +  
farfieldexact("scattered_z2",x,y,z,n);;  
            
          E3  =  sum(abs(E)^2,2);;  #  E2  =  |Ex|^2  +  |Ey|^2  +  |Ez|^2  
          E2(n,1:length(phi)*length(theta))=E3;;  
          
E2x_y(n,1:length(phi)*length(theta))=(E(1:length(phi)*length(the
ta),1));;  
          
E2y_y(n,1:length(phi)*length(theta))=(E(1:length(phi)*length(the
ta),2));;  
          
E2z_y(n,1:length(phi)*length(theta))=(E(1:length(phi)*length(the
ta),3));;  
        }  
  
}  
    filename="tworoddatay_"+num2str(space);;  
    savedata(filename,E2,E2x_y,E2y_y,E2z_y,phi,theta);;  






APP E N D IX 4 : MATLAB C O D E F OR C I D S 




%  Loading  the  scattering  cross  sections  when  the  incident  field  is  
%  x-­polarized  
for  j  =  1:number  




%  Loading  the  back  scattered  field  data  when  the  incident  field  is  
%  x-­polarized  
PSD=exp(-­4*log(2)*((lambda-­800)/100).^2);;  
for  j  =  1:number  







%  Loading  the  scattering  cross  sections  when  the  incident  field  is  
%  y-­polarized  
for  j  =  1:number  
%      matfilename  =  sprintf('tworodcsy_%d.mat',  j);;  




%  Loading  the  back  scattered  field  data  when  the  incident  field  is  
%  y-­polarized  
for  j  =  1:number  





















It_LHP=E2x_LHP.*conj(E2x_LHP)   +E2y_LHP.*conj(E2y_LHP)  
+E2z_LHP.*conj(E2z_LHP);;%Total   back   scattered   intensity   when   the  
incident  field  is  LCP  
    
    





It_RHP=E2x_RHP.*conj(E2x_RHP)   +E2y_RHP.*conj(E2y_RHP)  
+E2z_RHP.*conj(E2z_RHP);;   %Total   back   scattered   intensity   when   the  




























APP E N D IX 5 : MATLAB C O D E F OR N E AR F I E L D 
PRO F IL E  PL O TS 











for  j  =  1:number  
    matfilename  =  sprintf('BNearfieldX_%d.mat',  j);;  
  load(matfilename);;  
    matfilename  =  sprintf('BNearfieldY_%d.mat',  j);;  
  load(matfilename);;  
    matfilename  =  sprintf('TNearfieldX_%d.mat',  j);;  
  load(matfilename);;  





  %%  Left  hand  field  
  %Left  hand  field  
    
          phi=pi/4;;  
          EBx_LHP=((EBx_x-­i*EBx_y)/2)*exp(-­i*phi);;  EBy_LHP=((EBy_x-­
i*EBy_y)/2)*exp(-­i*phi);;  









        EBx_RHP=((EBx_x+i*EBx_y)/2)*exp(-­i*phi);;  
EBy_RHP=((EBy_x+i*EBy_y)/2)*exp(-­i*phi);;  
        ETx_RHP=((ETx_x+i*ETx_y)/2)*exp(-­i*phi);;  
ETy_RHP=((ETy_x+i*ETy_y)/2)*exp(-­i*phi);;  
    
%Vectpr  amplitude    
        AEBx_L=(real(EBx_LHP));;  AEBy_L=(real(EBy_LHP));;  
        AEBx_R=((real(EBx_RHP)));;  AEBy_R=((real(EBy_RHP)));;  
        AETx_L=(real(ETx_LHP));;  AETy_L=(real(ETy_LHP));;  
        AETx_R=(real(ETx_RHP));;  AETy_R=(real(ETy_RHP));;  
    
    
%%  Phase  x  and  Y  
        PEBx_L=angle(EBx_LHP);;PEBy_L=angle(EBy_LHP);;  
        PETx_L=(angle(ETx_LHP));;PETy_L=(angle(ETy_LHP));;  
        PEBx_R=(angle(EBx_RHP));;PEBy_R=(angle(EBy_RHP));;  
        PETx_R=(angle(ETx_RHP));;PETy_R=(angle(ETy_RHP));;  
    
%%  Total  intensity  
        EBt_LHP=squeeze(EBx_LHP.*conj(EBx_LHP)  +EBy_LHP.*conj(EBy_LHP));;  
        ETt_LHP=squeeze(ETx_LHP.*conj(ETx_LHP)  +ETy_LHP.*conj(ETy_LHP));;  
        EBt_RHP=squeeze(EBx_RHP.*conj(EBx_RHP)  +EBy_RHP.*conj(EBy_RHP));;  
        ETt_RHP=squeeze(ETx_RHP.*conj(ETx_RHP)  +ETy_RHP.*conj(ETy_RHP));;  
    
%%  Vector  amplitude  
        IBx_L=abs(EBx_LHP(:,:,:,len));;IBy_L=abs(EBy_LHP(:,:,:,len));;  
        ITx_L=abs(ETx_LHP(:,:,:,len));;ITy_L=abs(ETy_LHP(:,:,:,len));;  
        IBx_R=abs(EBx_RHP(:,:,:,len));;IBy_R=abs(EBy_RHP(:,:,:,len));;  
        ITx_R=abs(ETx_RHP(:,:,:,len));;ITy_R=abs(ETy_RHP(:,:,:,len));;  
    
        IBx_X=abs(EBx_x(:,:,:,len));;IBy_X=abs(EBy_x(:,:,:,len));;  
        ITx_X=abs(ETx_x(:,:,:,len));;ITy_X=abs(ETy_x(:,:,:,len));;  
        IBx_Y=abs(EBx_y(:,:,:,len));;IBy_Y=abs(EBy_y(:,:,:,len));;  
        ITx_Y=abs(ETx_y(:,:,:,len));;ITy_Y=abs(ETy_y(:,:,:,len));;  
    
%%  
%%Field  along  the  45  Degree  axis  Top  bar  
        ET45_RHP=(ETx_RHP+ETy_RHP)/sqrt(2);;  ET45O_RHP=-­(-­
ETx_RHP+ETy_RHP)/sqrt(2);;  
        AET45_R=(real(ET45_RHP));;  
        AET45O_R=(real(ET45O_RHP));;  
        PET45_R=(angle(ET45_RHP));;PET45O_R=(angle(ET45O_RHP));;  
    
        %%Field  along  the  45  Degree  axis  Bottom  bar  
        EB45_RHP=(EBx_RHP-­EBy_RHP)/sqrt(2);;  
        EB45O_RHP=(EBx_RHP+EBy_RHP)/sqrt(2);;  
        AEB45_R=(real(EB45_RHP));;  
        AEB45O_R=(real(EB45O_RHP));;  
        PEB45_R=(angle(EB45_RHP));;PEB45O_R=(angle(EB45O_RHP));;  
    
        EB45_LHP=-­(EBx_LHP-­EBy_LHP)/sqrt(2);;  
        EB45O_LHP=-­(EBx_LHP+EBy_LHP)/sqrt(2);;  
        AEB45_L=(real(EB45_LHP));;  
        AEB45O_L=(real(EB45O_LHP));;  

















































title('Bottom  bar  RCP');;  
xlabel('\mum'  
);;ylabel('\mum');;title('Z=\lambda/8','color','k','fontsize',18)  










xlim([-­0.125  0.125]);;ylim([-­0.125  0.125]);;  
    
    











































































































APP E N D IX 6 :  MATLAB C O D E F OR IMA G E 
PRO C ESSIN G AN D D ATA D ISPLAY 
  
The proprietary software of the Bioptigen system is used to control the scanner and 
image acquisition. The software does the pre-processing steps on the acquired spectrum 
and stores the log-scale depth dependent reflectivity in 3-D file format. For our 
application, we acquire four such data set, for each data set following codes are used to 
rearrange data files in en-face layer images (Re_write_pic.m and Splitting.m). From 
these four en-face image data CIDD value is calculated using the program 
Show_difference.m . Here, we also have attached the file process.m that implements the 

































        mkdir(filepath);;  
else  
        rmdir(filepath,'s');;  
        mkdir(filepath);;  
end  
switch  choose  
        case  'topview'  
                for  iii=1:size(data,1)  
                        temp=squeeze(data(iii,:,:));;  
                        
imwrite(temp,strcat(filepath,'aaa',num2str(iii),'.tif'),'tif');;  
                end  
        case  'frontview'  
                for  iii=1:size(data,2)  
                        temp=squeeze(data(:,iii,:));;  
                        
imwrite(temp,strcat(filepath,'aaa',num2str(iii),'.tif'),'tif');;  
                end                  
        case  'leftview'  
                for  iii=1:size(data,3)  
                        temp=squeeze(data(:,:,iii));;  
                        
imwrite(temp,strcat(filepath,'aaa',num2str(iii),'.tif'),'tif');;  
                end  
        otherwise  

























        I1(:,:,iii-­
num_start+1)=double(imread(strcat(current_path,'\I1_frontview_image\aa
a',num2str(iii),'.tif'),'tif'));;  









        I2(:,:,iii-­
num_start+1)=double(imread(strcat(current_path,'\I2_frontview_image\aa
a',num2str(iii),'.tif'),'tif'));;  








        I3(:,:,iii-­
num_start+1)=double(imread(strcat(current_path,'\I3_frontview_image\aa
a',num2str(iii),'.tif'),'tif'));;  








        I4(:,:,iii-­
num_start+1)=double(imread(strcat(current_path,'\I2_frontview_image\aa
a',num2str(iii),'.tif'),'tif'));;  
























































clc;;  clear  all;;  










nnn=1;;  %Index  of  refraction  
depth=1*(C_wavelength*1e-­9)^2*num_ccd/(4*nnn*(max(lambda)-­
min(lambda)));;    %the  range  of  depth  
res_z=2*log2(2)*(C_wavelength*1e-­9)^2/(nnn*pi*spectral_width*1e-­9);;  
%the  resolution  of  z  direction  
M=512;;      %the  number  of  layers  in  the  z  direction  




zs(:,x)=0:depth/(M-­1):depth;;                                        %  depth  values  
end;;  
zr=zs(25,25);;  %Physical  location  of  the  reference  mirror  
    
%Defining  the  sample  property  
    





rs_H(100,:)=0.1*ones(size(1,N));;  %Defining  the  reflectivity  layers  
%  rs_H(200,:)=0.1*ones(size(1,N));;  %Defining  the  reflectivity  layers  
    
rs_V=zeros(M,N);;  %Reflectivity  value  for  the  image  component  H  
rs_V(150,:)=0.1*ones(size(1,N));;  %Defining  the  reflectivity  layers  
%  rs_V(190,:)=0.1*ones(size(1,N));;  %Defining  the  reflectivity  layers  
    
%Application  of  the  modulation  signal  
x=1:N;;  
rr_H=square(pi*x);;  %1  on  1  off  
rr_H=(1+rr_H)/2;;  
rr_V=square((pi/2)*x);;  %2  on  2  off  
rr_V=(1+rr_V)/2;;  
    
%Interference  calculation  I(lambda,x)  Assuming  the  responsivity  of  the  
%detector  to  be  equal  to  one  and  the  reflectivity  of  the  mirror  is  
also  one  
    
%Id(lambda)=1/4*[Rr+Rs]  (DC  Terms)  +  (1/2)*[S(k)(rr*rs)cos(2*kdz]  
%(Crosscorreltaion  terms)  +  (1/4)*[s(k)(rs*rs)]  Autocorrelation  
    
        for  l=1:length(lambda);;  
                RSV(:,:)=exp(2*i*k(l)*zs(:,:));;  
                AV(1:N)=(rr_V.*(exp(2*i*k(l)*zr))+  sum(RSV,1));;  
                IlambdaWM(l,1:N)=(Isource(l)/(sqrt(2)))*abs(AV).^2;;  
        end;;  
%DC  Removal  part  of  the  source  term  
        Ilambda=Ilambda-­(temp2(:,1:N)/(sqrt(2)));;  
        imagesc(Ilambda);;  
        xlabel('x');;        ylabel('lambda');;  
    
          
          
  %Resampling  the  data  in  the  K-­Space  










  xlabel('x');;        ylabel('k');;  
    
  %%  Final  Image  computation  
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